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ABSTRACT 
Andrew Stuart: Optimization and Characterization of New Materials to Enhance 
Performance of Polymer Solar Cells 
(Under the direction of Dr. Wei You) 
 
Conjugated polymer solar cells have steadily grown in efficiency, from less than 1% 
to over 10% in less than two decades. They have the potential to be the next major energy 
source due to lightweight, flexible and inexpensive materials. However, the main 
stumbling block to full scale adoption of polymer solar cells is the still relatively low 
power conversion efficiency. Researchers are currently addressing this issue by designing 
new materials and device structures that can improve solar cell performance. 
In this report, we focused on designing and characterizing new polymers and device 
structures for polymer solar cells. We focus specifically on the recent discovery of effects 
of substituents on the conjugated backbone and how it affects not only photovoltaic 
response, but also charge recombination and device morphology. Further collaborations 
with experts of complementary expertise in the field have allowed us to zero in on specific 
effects fluorine substituents have on polymer stacking, domain organization with PCBM, 
and polymer/PCBM miscibility. Our findings have helped us to understand the influence 
these substituents play on photovoltaic polymers and will help us to design new higher 
performance materials in the near future. 
Charge recombination and charge transport have been a serious issue that has plagued 
polymer solar cells since their inception. We are addressing this issue by fabricating a new 
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high porosity transparent nanoparticle electrode that can not only suppress geminate 
recombination but also aid in hole transport. Initial studies have yielded robust oxide films 
that can be easily loaded with both conjugated polymer and PCBM. Through future 
optimization of film coverage, these nanoparticle films should be the next stepping stone 
in achieving 15% efficiency with polymer solar cells. 
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 CHAPTER 1 
Introduction 
 
1.1 Background  
Harmful environmental effects from the extraction and combustion of non-
renewable energy sources, combined with energy resource security, have thrust the need 
for alternative energy sources into the public eye. Numerous alternatives have been 
pursued, including wind, solar, hydroelectric, geothermal, and biomass. However, finding 
a champion alternative is an ongoing pursuit which may never be realized. This is due to 
the growing number of different situations and conditions in which energy is being 
consumed. A desirable energy source should be renewable, have little to no harm on the 
environment, exceed world power consumption projections at less than $1/kW, consume 
few natural resources, and enable continuous energy in both on-grid and off-grid 
environments. These requirements make finding the next energy source and daunting task. 
Solar power happens to meet many of these requirements, and it is considered to be one 
of the strongest alternative energy sources candidates for both present and future use. 
With a virtually interminable power source, steadily increasing power conversion 
efficiency through research and development, and the reduction of prices of raw materials, 
many countries have begun to subsidize and invest heavily in photovoltaic (PV) 
technology. 
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Since the first inorganic solar cell was made in Bell Labs in 1954,1 thick, 
inflexible, highly processed inorganic materials have dominated the field with high power 
conversion efficiencies (PCE or η). Inorganic based single junction solar panels have 
yielded efficiencies from 8% for lower cost materials, to 25% efficiency2 for single 
crystalline Silicon based modules. However, the main aggravating factor to full-scale 
adoption of PV energy sources is the high cost of materials and processing costs3 needed 
to produce them. While economies of scale and process engineering have brought these 
costs down significantly, it may be necessary to employ a paradigm shift in the materials 
and processing of solar panels in order to make solar energy competitive with other 
energy sources.  
One of the most promising new technologies which can enable a new paradigm in 
solar energy is polymer based photovoltaics. Polymer solar cells (PSCs) address the issue 
of the high cost of raw materials and processing of inorganic based photovoltaics in a 
number of ways: (1) raw materials are in high supply and low cost from petroleum 
refining processes, (2) the active layer is thin (less than 1 micrometer thick) requiring less 
material consumption, and (3) they can be printed in high speed roll-to-roll 
manufacturing, distributing fixed production costs over large volumes of solar panels.4,5 
However the main drawback to this technology is the historically low efficiency values 
(3-5%) when compared with inorganic based solar cells. This has spurred a flurry of 
research aimed at engineering new, much more efficient photovoltaic polymer materials. 
Only when the PCE values begin to approach 15% will the low cost of these devices 
allow PSCs to directly compete with non-renewable sources of energy. 
 
 1.2.  History and Development of Organic Photovoltaics
 The field of organic photovoltaics 
observed photocurrent being published by 
this initial report, progress was slow
the early 1980’s. These devices consisted of a single organic layer, typically a dye or 
fused ring structure, which acted as the active layer. The main stumbling block in the 
field was that the photocurrent achieved was dependent on a creating a large bias between 
the two working electrodes by using materials of different work functions. This barrier 
was overcome in the late 1970s and published in 1986 by Tang, with the i
bilayer device.7 
 
Figure 1-1. Diagrams of device architecture and function of: (a) single layer organic 
solar cell device; (b) bilayer solar cell device.
16, Copyright 2004 American Chemical Society.
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can be traced back to a report of the first
Kallman and Pope in 19606. However, after 
 yielding devices achieving only 0.1% efficiency by 
nception of the 
 Reprinted with permission from Reference 
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 Tang reported a device made of a copper phtalocyanine (CuPC) layer (see Figure 
1-3) followed by a perylene tetracarboxylic derivative layer sandwiched between two 
electrodes, yielding a PCE of 0.95% and fill factor (FF) of 65%. What made this device 
so revolutionary was the new concept of using two layers, one with an n-type and one 
with a p-type material. These layers formed a junction where excited electron/hole pairs 
could easily separate and then travel to the cathode and anode, respectively. This n/p-type 
material structure is the foundation with which all successful organic photovoltaics have 
been built from since.  
 One of the main drawbacks to the materials used in the device by Tang is the need 
for high vacuum, elevated temperature deposition. This can be a practical process in a 
laboratory setting, but full scale manufacturing of inexpensive solar panels requires a 
faster, less energy intensive process. This led researchers to pursue various ways to 
produce low temperature, solution processable solar cells. In the early 1990’s this was 
championed by Michael Graetzel with a dye sensitized solar cell (DSSC).8,9 These 
devices have reached PCEs of over 12 percent10 and are characterized by a number of 
unique properties in comparison to traditional solar cells. These devices are made of an 
ITO anode, a mesoporous TiO2 n-type layer, a monolayer of adsorbed dye (traditionally 
Ruthenium based), an electrolyte, and a cathode. 
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Figure 1-2. SEM micrograph of a nanoparticle oxide film used in DSSC devices 
 
 Arguably one of the most important concepts introduced into these devices is the 
nanoparticle oxide layer as seen in figure 1-2, which facilitates electron collection and 
transport through a network of anatase TiO2 nanoparticle, greatly increasing the surface 
area and thus the total volume of the active layer adsorbed dye. Recent progress in these 
devices has evolved into the more stable solid state DSSC devices which replaces the 
liquid electrolyte with solid hole transporting material11,12 and the use of porphyrin based 
dyes with much broader light absorption spectra10.  
 While DSSCs were being developed and optimized, researchers were also 
actively investigating organic based photovoltaics with fully solution processable active 
layers. The discovery of ultra-fast electron transfer from the polymer MDMO-PPV to 
Buckminster fullerene (C60) in 199213 set the stage for the new field of polymer based 
photovoltaics. In 1995, several solubilized C60 derivatives were reported in a detailed 
study,14 and later that year the most successful C60 derivative, [6,6]-phenyl-C61-butyric 
acid methyl ester (PCBM), was combined with MEH-PPV to create a bulk-heterojunction 
(BHJ) polymer based solar cell.15 
  
Figure 1-3. (a) Structure and device function 
Chemical structures of: (b) CuPc, (c) MDMO
PC61BM.  Reprinted with permission from Reference 16, Copyright 2004 American 
Chemical Society. 
 
  
 The discovery of the BHJ proved to be a pivotal step in the development of high 
performance PSCs. A BHJ is formed by combining both PCBM and polymer into a 
common solvent, then casting the solution into a thin layer onto an electrode 
allowing the solvent to evaporate
PCBM form a unique bi-continuous phase morphology which allows holes and electrons 
to transport to the anode and cathode, respectively. Additi
(when compared to bilayer devices) of the donor and acceptor materials greatly increases 
the surface area between the two phases which enhances the charge separation 
efficiency.18,19   
 After the discovery of the BHJ in 
more promising material, poly(3
6 
of a BHJ solar cell and morphology.
-PPV, (d) MEH-PPV, (e) P3HT and (f) 
.
15-17
 During this evaporation process, the polymer and 
onally, the large-
1995, researchers shifted their PSC efforts to a 
-hexylthiophene) (P3HT). Over the next ten years, P3HT 
 
 
and 
scale mixing 
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was studied extensively and through optimization of material synthesis and morphology 
control achieved world record efficiencies of 5%.20-23 While this was a remarkable 
achievement for polymer solar cells, efficiency enhancement of P3HT plateaued due to 
the inherently large band gap of the polymer. Since 2005, researchers have focused on 
synthesizing new low band gap polymers, and have successfully raised the PCE of 
polymer based photovoltaics to over 7%.24-27 Looking at this rapid acceleration of world 
record efficiencies for PSCs, the future of the field appears to be quite promising.28 
 
1.3.  Polymer Solar Cell Basics 
 A typical polymer solar cell is made up of two electrodes, a transparent anode and 
metal cathode, sandwiching the BHJ photoactive layer as in figure 1-3(a). Upon 
construction of a solar cell, the single most parameter for characterizing performance is 
the power conversion efficiency. The PCE (η) is defined as the ratio between the input 
power, or power that is incident on the device (Pin), and the output power, or power 
delivered by the device (Pout).  
  


 
    (1) 
Pin is also referred to as the solar irradiance and is typically measured in units of mW/cm2. 
Pout is experimentally determined by measuring the current density (Jsc) vs. voltage (V) 
curve under illumination, and finding the maximum power point (MPP) of the curve (the 
point at which the product of Jsc and V is maximized.) Pout is also defined as the product 
of the short circuit current (Jsc), open circuit voltage (Voc), and fill factor (FF). 
 
 
	


      
(2) 
 Jsc is the amount of photocurre
and Voc is the bias required to prevent all charges from leaving the solar cell. The 
the ratio between the area of the 
defined mathematically as: 
where Jmpp and Vmpp are the value of current density and voltage at the maximum power 
point, respectively. The determination of the MPP and 
more easily understood graphically in 
 
Figure 1-4. Typical I-V curve of a polymer solar cell under illumination.
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nt produced when there is no applied field to the device
dotted rectangle and solid rectangle in figure 1
     
(3) 
the other variables 
Figure 1-4: 
 
 
FF is 
-4 and is 
discussed is 
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1.4. The Energy Conversion Process 
1.4.1. Light Absorption 
 The process by which a photocurrent is created is a complex one which is reliant 
on a number of favorable conditions to occur. First incident light must pass through a 
transparent electrode which is typically made up of Tin doped Indium Oxide (ITO) and 
PEDOT:PSS. This electrode needs to be at least 80% transimssive in the visible light 
regime in order to ensure enough light power can be delivered to the active layer. Once 
light passes through the electrode, the next step is light absorption in the active layer. 
Light absorption occurs when the energy of an incident photon is great enough to excite 
an electron beyond the energy gap (Eg) of the material, also known as the energy 
difference between the HOMO (Highest Occupied Molecular Orbital) and LUMO 
(Lowest Unoccupied Molecular Orbital) of the semiconductor. The Eg represents the 
minimum amount of energy a photon must have to be absorbed by the active layer. 
Typical values of Eg range between 1.4-2.2 eV,29 yielding a light absorption edge 
between 890-565 nm, respectively. Thus a polymer with an Eg of 1.4 eV will absorb 
significantly more photons from AM 1.5 photon flux than one with 2.2 eV as shown in 1-
5. Active layer thickness and the absorption coefficient also pay important roles in 
amount of light absorbed, as more light will be absorbed with more material to pass 
through and allow absorption.  
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Figure 1-5. Light absorption spectra and coefficients of several photovoltaic materials in 
comparison with standard AM 1.5 solar spectrum. Reprinted with permission from 
Reference 29, Copyright 2007 American Chemical Society. 
 
1.4.2. Exciton Generation and Splitting 
 The energy of an absorbed photon excites an electron from its low energy orbital 
below the HOMO level into an outer orbital of the LUMO. This excited electron is 
mobile but is bound by the electrostatic Coulomb force to the hole it left in the lower 
energy orbital. This binding of the electron and hole, also known as an exciton, is an 
unfortunate effect of the characteristically low dielectric constant in the organic materials. 
In order for charges to be collected into a photocurrent, the exciton must be split. The 
exciton, with a neutral charge, must diffuse to an interface of the donor and acceptor 
materials in order to split into free carriers. If the exciton does not reach an interface, the 
electron will relax to the HOMO by photoluminescence or non-radiative decay in a 
process known as geminate recombination. The diffusion length of the exciton is a topic 
of contention, with measurements ranging anywhere from 5nm30-32 to as much as 80 
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nm.33 However, experts in the field are in agreement that increasing the surface area 
between the donor and acceptor materials suppresses geminate recombination and greatly 
enhances Jsc. In bilayer devices, the interfacial area is very small and many excitons do 
not reach the interface, yielding low photocurrent.34,35 The ubiquity of the BHJ is due to 
the fact that the two components, polymer and PCBM, are mixed in solution and can 
form a continuous high surface area interface which dramatically increases the amount of 
exciton splitting. Organization of the polymer and PCBM phases in the BHJ, also known 
as the active layer morphology, can change dramatically depending on the film formation 
conditions. Good device morphology will provide a polymer/PCBM interface within an 
exciton’s diffusion length allowing the dissociation of all excitons generated by light 
absorption. Upon reaching an interface, the exciton will split in an exceptionally fast and 
efficient process36 provided there is enough driving force between the LUMO of the 
polymer and LUMO of the PCBM.13,37  
1.4.3. Creation of Free Carriers and Charge Collection 
  Once the electron is accepted by the PCBM, it is still bound by Coulomb force to 
the positively charged hole left on the polymer. This is referred to as the charge transfer 
complex and the strength of the force could be affected by the relative dielectric constant 
of the surrounding material and the proximity of the acceptor to the donor material.30,38 
The origin and structure of the charge transfer complex has been extensively studied39,40 
but there is still active debate as to the best working model of what occurs in the charge 
transfer complex. Regardless, once the electron and hole are no longer coulombically 
bound, electrons are transported through the acceptor PCBM and holes are transported 
along the donor polymer.  
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 The transport of the free charges is facilitated by the built in voltage caused by the 
offset of the work functions of the two electrodes. However, the free charge carriers 
require a continuous pathway to the electrode in order to be incorporated into the 
photocurrent. This is a potential drawback of the BHJ structure, as poor mixing of 
material domains can lead to charges being trapped. Additionally, long winding pathways 
of polymer and PCBM interfaces lead to a higher probability of electrons and holes from 
different excitons to recombine which is referred to as bimolecular recombination. It is 
therefore very important to create device morphology with a large interfacial surface area 
between the donor and acceptor (mitigate geminate recombination) but with continuous 
pathways for free carriers to transport (mitigate bimolecular recombination). Through this 
optimized morphology, the photocurrent of the solar cell is maximized. Charge transfer 
into the electrode is the final non-trivial step before the charge can be incorporated into 
the photocurrent. Matching the electrode work function well to the HOMO of the donor 
and LUMO of the acceptor is necessary in order to achieve good ohmic contact that will 
result in minimal losses. Interfacial layers41 and wide bandgap oxides42 have been used to 
facilitate the charge injection process.  
 
1.5. Device Morphology and Characterization 
 As mentioned previously, active layer morphology plays a critical role in 
achieving a good photocurrent and device efficiency. It is important to maximize the 
interfacial area between the donor and acceptor materials while at the same time 
providing easy, continuous pathways of each material for charge transport. This has 
prompted extensive research efforts in both controlling and characterizing device 
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morphology. Initially, morphology was studied indirectly, by constructing solar cell 
active layers with different solvents, concentrations, weight ratios and thermal annealing 
conditions, and then observing the effect on power conversion efficiency. Studies34,43-45 
have shown how important solvent selection and mixing can be on device morphology. 
Thermal annealing can greatly affect the organization of the active layer, especially in 
devices based on P3HT:PCBM.20,46,47 Other variables that affect morphology include 
using solvent additives,48 polymer molecular weight and structure49, and solvent 
annealing.17,20  
 To get a better understanding of how morphology affects device function, 
researchers have begun to directly look at morphology by characterizing it with a number 
of analytical techniques. Initial studies simply characterized active layers with atomic 
force microscopy (AFM) and scanning electron microscopy (SEM), however these 
techniques only examine surface structures which may not be an accurate representation 
of the bulk. As the field has grown, researchers have begun to use more advanced 
characterization techniques to get a more accurate picture of the bulk morphology. These 
techniques include transmission electron microscopy50 (TEM) like in Figure 1-6, grazing 
incidence x-ray diffraction51 (GIXRD), and near edge x-ray microscopy.52 Due to the 
fickle nature of morphology and its enormous effect on device performance, it is 
important to be mindful of the morphological organization and try to understand what 
role it plays in each polymer solar cell device. 
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Figure 1-6. TEM images of Polymer:PCBM Bulk Heterojunction Morphology. The 
darker regions of higher density PCBM clusters. 
 
 
1.6. Improving Performance of Polymer Solar Cells 
 There are a number of different aspects of polymer solar cells that can be 
optimized in order to improve power conversion efficiency. These range from new 
monomer and polymer structures to improve hole transport and light absorption, novel 
additives and post processing steps to enhance morphology, to hybrid organic/inorganic 
devices that can increase absorption. The scope of the work in this dissertation will focus 
on the effects of subtle changes to constituents on two conjugated polymer series, and 
using a new transparent oxide structure to enhance photocurrent. 
1.6.1. Improving PSCs by Addition of Constituents to the Polymer Backbone 
Conjugated polymers used in polymer solar cells are typically made up of a series 
of alternating co-monomers which serve to absorb light and facilitate charge transport. To 
improve polymer performance, studies generally focus on one of three impactful 
components of the polymer: the conjugated backbone, aliphatic side chains, and 
functional substituents. The conjugated backbone plays the most important role in light 
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absorption, affecting HOMO/LUMO energy levels, the band gap and intramolecular 
charge transport. A good conjugated backbone will make the polymer chain planar, have 
good anchoring points for side chains and constituents, and allow easy control of the 
electronic HOMO/LUMO levels. Rational design of the conjugated backbone has yielded 
high performance polymers with broad light absorption and great charge transport. Side 
chains can affect polymer solubility, charge transport and donor/acceptor interactions53 
which makes them important to consider when synthesizing new polymer materials. 
Longer aliphatic chains increase polymer solubility while shorter chains enhance 
intermolecular hole transport. Side chain branching can be a good compromise between 
good solubility and allowing chains to pack closer. The majority of the work in this 
dissertation will focus on the effect of the addition of substituents to conjugated polymers. 
Substituents can have a dramatic effect on the properties of conjugated polymers and 
photovoltaic properties of PSCs. Recently they have been shown to be useful in tweaking 
electronic levels and device performance of high performance polymers.54-56 The ultimate 
effects stemming from constituent substitution are still not fully understood, which 
presents an interesting opportunity for more detailed study. 
1.6.2. Improving Photocurrent with Novel Transparent Oxide Electrode Structures 
Another opportunity to improve the power conversion efficiency of polymer solar 
cells is to come up with new methods to mitigate charge recombination and to enhance 
free charge carrier transport. Current efforts have focused on novel film formation 
techniques discussed earlier like additive processing and solvent mixing. Most of these 
methods have centered on the concept of improving the morphology of the BHJ to 
suppress charge recombination. However a major limitation of these methods is nothing 
16 
 
is being done to enhance charge transport, which limits device thickness (and 
subsequently light absorption) to less than 200 nm. Researchers have also looked at novel 
patterned heterostructures and patterned oxides in an attempt to provide straight ordered 
pathways for charge separation and transport.57,58 Additionally, some oxides have proven 
to be superior hole acceptors42 and could be incorporated into novel mesoporous 
structures that could provide a foundation for creating nanoscopic heterojunctions and 
enhanced charge transport pathways. There have been limited efforts in the incorporation 
of these materials and structures into PSCs and they may prove to be a critical 
development for improving polymer solar cell device efficiency.
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CHAPTER 2 
Fluorine Substituents Reduce Charge Recombination and Drive Structure 
and Morphology Development in Polymer Solar Cells1 
 
2.1. Introduction 
Fluorine atoms substituted directly to the backbone of conjugated polymers have 
shown great promise in enhancing the efficiency of polymers based bulk heterojunction 
(BHJ) solar cells.27,56,59-66 For example, fluorine substituents have been identified as the 
single performance-enhancing factor in three of the highest performing polymers.27,59-61 
A detailed comparison of these three polymers and their non-fluorinated analog has been 
analyzed by a recent review article.66 However, the cause for the efficiency improvement 
varies noticeably, depending upon specific systems. It is generally true that electron-
withdrawing nature of these fluorine substituents, when directly on the conjugated 
backbone, lowers the HOMO energy level of conjugated polymers. This can translate into 
an enhanced open circuit voltage (Voc) in related BHJ solar cells, which essentially 
accounts for the efficiency increase in certain systems.56,59,60,64 However, in some other 
reported systems,27,61,63 it appears that fluorinated polymers also demonstrate noticeably 
better short circuit current (Jsc) and/or Fill Factor (FF) in their BHJ devices than those of 
non-fluorinated analog polymers based devices – a very interesting behavior that 
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warrants further investigation. More importantly, the improvement on Jsc and/or FF has 
been the dominating factor in the efficiency enhancement in these systems, as opposed to 
the Voc enhancement as the major boost for efficiency in other systems.56,59,60 
Thereforethe peculiar “fluorine” impact has been under intensive research, aiming to 
uncover the underlying working principles.  
As our attempt to further understand the “fluorine” impact, we selected one such 
system, poly[benzo[1,2-b:4,5-b′]dithiophene-alt-5,6-difluoro-4,7-dithien-2-yl-2,1,3-
benzothiadiazole] (PBnDT-DTffBT) (“2F”) and its non-fluorinated analogue, PBnDT-
DTBT (“0F”), for an in-depth study. In our original report,55 we found the fluorinated 
polymer (“2F”) not only exhibited an increased Voc, but also enhanced Jsc and FF in its 
BHJ devices. To complete this series, we further synthesized a new polymer with a singly 
substituted fluorine, PBnDT-DTfBT (“1F”), and carefully investigated this polymer 
together with doubly and non-fluorinated analogs in a comparative manner (see Figure 2-
1). In this contribution, we show how increasing the concentration of fluorine atoms 
boosts the performance of conventional photovoltaic characteristics (Voc, Jsc, and FF) in 
this series of polymers. Further, we reveal that these fluorine atoms reduce bimolecular 
recombination through improved polymer organization, a purification of polymer-rich 
and fullerene-rich domains, and a reduction in molecular miscibility. Both the  
 
Figure 2-1. PBnDT-DTBT, -DTfBT and -DTffBT Polymer Structures 
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 recombination and morphological and structural changes are characteristic of the “fluorine” 
impact in this series of polymers. 
2.2. Polymer Synthesis, Optical and Electrochemical Properties 
Monomers were synthesized as previously reported for both DTBT and DTffBT55 
while detailed DTfBT monomer synthesis is described in the Supporting Information 
(See Appendix 2). Previous studies have shown that polymer molecular weight and side 
chain size and positioning can greatly affect the photovoltaic response of devices.53,67,68 
With this polymer series, we used the exact same side chain structure for each polymer 
and optimized the polymerization and purification of each to yield similar molecular 
weight (Mn) and polydispersity index (PDI), as seen in Table 2-1. 
We estimated the optical band gaps of the polymers from the onset of the 
absorption edge of neat thin films, all of which were found to be around 1.7 eV. 
Absorption coefficients were typical of lower band gap conjugated polymers, all above 4 
× 10-4 cm-1, with the fully fluorinated DTffBT yielding a slightly higher absorption. The 
same neat films of the polymers were then excited at 600nm to observe fluorescence 
spectra, seen in Figure 2-2. By comparing the absorption spectra to the fluorescence of 
each polymer, it is apparent that all three polymers yielded the same Stokes shift of 50 
nm. 
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Table 2-1. Key Polymers Properties: Molecular Weight, HOMO level and Optical Properties 
Polymer Mn/PDI
a 
 [kg/mol] 
Film Egb  
[eV] 
Extinction Coefficientc 
[cm-1] 
  HOMOd 
 [eV] 
Measured VOC 
[V] 
PBnDT-DTBT 52.4/2.0 1.7 4.0 × 10
4
 
-5.42 0.81 
PBnDT-DTfBT 39.3/1.9 1.7 4.0 × 10
4
 
-5.48 0.85 
PBnDT-DTffBT 39.1/2.1 1.7 4.4 × 10
4
 
-5.53 0.91 
a) Determined by GPC in 1,2,4-trichlorobenzene at 150°C. 
b) Band gap calculated from the onset of the absorption of the solid film. 
c) Measured from film absorption spectra at λmax 
d) Measured by cyclic voltammetry 
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Figure 2-2. UV-Vis absorption and fluorescence emission spectra of DTBT, DTfBT and 
DTffBT 
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Similar neat thin films of all three polymers were deposited onto a glassy carbon 
electrode and scanned with cyclic voltammetry to discern any differences in 
electrochemical ionization potentials. Examination of voltammograms for each of the 
polymers (see supporting Information) shows that the HOMO energy level appears to 
scale with increasing fluorine concentration. HOMO levels for DTBT and DTffBT are 
summarized in Table 2-1 and match well with previous results, while the HOMO level of 
DTfBT falls right in the middle at -5.48 eV.  
To summarize this section, all three polymers appear to possess very similar 
intrinsic polymer properties, which is important to note when comparing photovoltaic 
response and morphology of devices made from each of the polymers. The only 
discernible difference found in the intrinsic properties is the slight increase in HOMO 
level as more fluorine atoms are introduced to backbone. 
2.3. Photovoltaic Properties 
Table 2-2. PV Response and SCLC Mobility of 1:1 Polymer:PC61BM 
Polymer Thickness [nm ± 10 ] 
Mobility × 10-4 
[cm2/V·s] 
Voc 
[V] 
Jsc 
[mA/cm2] 
FF 
[%] 
ηaverage  
[%] 
 200 2.5 0.81 10.1 38.3 3.14 (3.50) 
PBnDT-DTBT 150 3.7 0.79 11.0 44.2 3.84 (4.07) 
 100 2.8 0.78 11.7 47.6 4.33 (4.53) 
 200 1.3 0.83 11.2 46.5 4.46 (4.77) 
PBnDT-DTfBT 150 3.3 0.85 11.4 50.6 4.91 (5.28) 
 100 4.0 0.84 11.5 52.2 4.91 (5.22) 
 200 4.5 0.91 11.9 52.1 5.63 (6.05) 
PBnDT-DTffBT 150 3.8 0.91 12.7 56.2 6.51 (6.78) 
 100 2.6 0.90 12.2 62.1 6.64 (7.16) 
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Photovoltaic devices were constructed and optimized in a typical fashion, by spin 
casting a blended solution using a device structure of ITO/PEDOT:PSS/ 
polymer:PC61BM/Ca/Al. After numerous optimization trials, a 1:1 weight ratio was found 
to yield the best results with a concentration of 20 mg/mL in 1,2-dichlorobenzene. Once 
this optimal solution composition was found, solar cells were made with active layer 
thicknesses of 100, 150 and 200 nm to flesh out any thickness dependence of their 
photovoltaic characteristics. Hole mobility, which has been shown to affect device 
function,20,47 was measured by Space Charge Limited Current69 (SCLC). Hole mobility 
did not appear to vary much between each of the devices supporting that the 
incorporation of Fluorine on the BT unit does not significantly affect hole transport. I-V 
curves were measured under AM 1.5 conditions and typical photovoltaic characteristics 
for the polymers are displayed in Table 2-2. Analysis of the table reveals both thickness 
dependence within each polymer series, and fluorine concentration dependence, 
manifested most significantly in JSC and FF.  Figure 2-3 can be used as a good graphical 
aid to visualize the influence of device thickness and fluorine concentration. Below, we 
discuss in detail each of the three performance parameters that dictate device 
performance, Voc, Jsc, and FF. 
2.3.1. Open Circuit Voltage (Voc) 
The origin of the open circuit voltage has previously been observed to be the 
difference between the LUMO of acceptor and the HOMO of the donor polymer70 so 
long as there is good ohmic contact between the active layer and device electrodes. This 
value represents the maximum achievable voltage from a BHJ device, but is rarely 
observed due to losses originating from band offsets, internal space charge and molecular 
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reorganizational energy characterized by the Stokes shift.71 Table 2-1 shows that the 
HOMO level of the polymers range from -5.4 eV for DTBT to -5.5 eV for DTffBT. We 
attribute this difference to the observed enhancement in Voc with increasing fluorine 
concentration, but to be sure we have attempted to quantify possible loss mechanisms 
commonly observed in Voc. The Stokes shift was observed to be ~50nm for all three 
polymers indicating no polymer reorganizational losses. Additionally, looking at Figure 
2-3 (a), the Voc is independent of active layer thickness, which indicates space charge 
does not appear to play significant role as a loss mechanism of the Voc. The increase in 
Voc seems to originate solely from the increased intramolecular charge transfer caused by 
the addition of Fluorine atoms to the polymer backbone. However, this slight increase in 
Voc cannot fully account for the large increases observed in power conversion efficiency 
as fluorine concentration is increased. 
2.3.2. Short Circuit Current (Jsc) 
Looking at the trends in the values of Jsc for each of the polymers in Table 2-2 (b), 
there appears to be a significant effect stemming from both device thickness and fluorine 
concentration. For both of the fluorinated species, Jsc does not appear to vary 
significantly as thickness is increased, while the DTBT series is characterized by a 
dramatically increasing drop in current. Additionally, there appears to be a trend of 
enhanced Jsc with increasing fluorine concentration, especially in the thicker 150 and 200 
nm devices, where recombination processes are more likely to occur. Notably, at 200nm 
the Jsc for both of the fluorinated polymers are relatively the same, while the non-
fluorinated DTBT exhibits a much reduced current. This observed trend of increased 
short circuit current with increasing fluorine concentration cannot be explained by better 
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light absorption or enhanced hole mobility, leading us to attribute the differences to 
charge recombination losses.  
2.3.3. Fill Factor (FF) 
Typically, charge recombination losses manifest most significantly in device FF 
where the internal electric field is weak. Looking at Figure 2-3(c), FF is not only greatly 
affected by active layer thickness, but also by fluorine concentration. Comparing the FF 
plot to the efficiency curves in plot (d), it is clear that of the three major photovoltaic 
parameters, FF appears to have the greatest influence on device power conversion 
efficiency. Most significantly, at 100 nm thickness, the fully fluorinated DTffBT exhibits 
the highest FF of 62% compared to only 52% and 48% for DTfBT and DTBT, 
respectively. This trend continues with increasing device thickness, with the non-
fluorinated DTBT dropping to a mere 38% FF at 200 nm, while both fluorinated 
polymers still possess respectable fill factors. 
Looking at how fluorine concentration has affected all of the photovoltaic 
parameters, there seems to be significant evidence that increasing fluorine concentration 
suppresses charge recombination in photovoltaic devices. 
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Figure 2-3. Fluorine Concentration (DTBT, DTfBT, DTffBT) and Device Thickness 
(100nm,150nm, 200nm) are varied and their effect on (a) Voc, (b) Jsc, (c) FF and (d) η are 
shown. Thickness measurements are +/- 10 nm. 
 
2.4. Charge Recombination Studies 
In order to determine which loss mechanisms are causing the noted differences in 
FF and efficiency, we measured photovoltaic performance under variable light intensity 
(Plight) between 0.2 and 1.5 suns.  This technique is a simple probe for bimolecular 
recombination of free charges that can limit the photocurrent. If minimal bimolecular 
recombination occurs, the number of charge carriers collected and therefore the 
photocurrent should scale linearly with light intensity.72,73 However, if the photocurrent 
scales sub-linearly, the loss mechanism is dependent on the number of charge carriers, 
which is commonly attributed to bimolecular recombination. By measuring the  
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photocurrent (Jphoto) at different values of Plight, bimolecular recombination can be 
quantified as a function of applied voltage by fitting a power law scaling exponent, α via, 
Jphoto = β(Plight)α    (1) 
where β is a constant. Figure 2-4 shows a stark increase in α which represents a decrease 
in bimolecular recombination near maximum power point (~0.5 V) as the Fluorine 
density is increased. This reduction in recombination with Fluorine addition helps explain 
the enhanced FF as observed in Figure 2-3c and Figure 2-4b as functions of active layer 
thickness and light intensity, respectively. In terms of light intensity dependence, Figure 
4b shows not only a higher absolute FF but also an insensitivity of FF to light intensity 
for DTffBT-based devices. This means that as the number of free carriers increases via a 
higher Plight, blends with a greater number of fluorine substituent atoms are able to stifle 
recombination and avoid FF losses. Overall, the light intensity dependence of Jphoto and 
FF indicates that at maximum power point, bimolecular recombination is indeed weakest 
in the devices with DTffBT and increases as the number of fluorine substitute atoms is 
reduced.  
 Differences in recombination are not limited to maximum power point and also 
influence Jsc. As the applied voltage is decreased to strengthen the internal electric field 
and sweep out more of the charge carriers, α increases for all devices. There is low 
bimolecular recombination at short circuit conditions for the fluorinated DTffBT and 
DTfBT devices since α ≈ 1, while those based on DTBT only achieve minimal 
recombination for higher electric fields near -3 V bias. At short-circuit, α = 0.92 for 
DTBT-based solar cells, which indicates that Jsc is restricted due to this loss mechanism. 
In summary, we have identified bimolecular recombination as a photocurrent loss process 
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that is sensitive to the number of fluorine substituent atoms on the polymer backbone. 
Changes in this recombination process help explain the observed enhancement in FF 
when moving from DTBT to DTfBT to DTffBT-based devices. 
   
Figure 2-4. (a) Scaling exponent vs voltage and for devices with different Fluorine 
concentration and 200nm thickness. (b) FF as function of light intensity.  
 
Geminate recombination losses typically occur when there is low interfacial 
surface area between the polymer and PCBM phases. Increased surface area interaction is 
important to prevent geminate recombination because it is at this interface where the 
bound hole electron pair is drawn apart strongly enough to overcome the coulombic 
attraction. If the polymer and PCBM phases form large regions relative to the distance 
covered by the exciton drift velocity, the probability of geminate recombination occurring 
is greatly increased. This type of recombination is typical of devices with a low built-in 
voltage and large space charge, which limits the driving force for enhanced drift velocity. 
Geminate recombination will manifest itself best under low voltage conditions, but if the 
internal voltage is increased significantly, bound exciton pairs will have a much greater 
probability of reaching an interface and separating. A good approach to estimate the 
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losses due to geminate recombination is to apply a large reverse bias to working devices 
under illumination, and compare the observed saturation current (Jsat) with Jsc.74  A large 
reverse bias should overcome any built in space charge and increase the drift velocity of 
the excitons enough to prevent geminate recombination. To characterize our devices, we 
applied a reverse bias up to -3 volts to reach the JSAT for each of the polymers (See 
Appendix 2). The ratio of JSC/JSAT is around 80% for all three polymers, indicating 
fluorine substitution plays little role in influencing geminate recombination losses. 
 
2.5. Device Morphology 
Since the fluorine atom has nearly double the amount of Pauling electronegativity 
as hydrogen, it could be hypothesized that the enhanced substituent atom 
electronegativity explains the reduced bimolecular recombination and enhanced 
performance for fluorine substituted polymer blends. While this is possible, 
morphological and structural considerations could also play a role even though the 
monomer unit that contains over 150 atoms only differs by at most two atoms when 
comparing DTBT, DTfBT, and DTffBT. In this work, both the crystalline structure and 
domain characteristics of blend films were determined with X-ray scattering. Thin films 
identical to those used for PSC devices (~100 nm active layers, allowed to dry in a closed 
petri dish) were prepared on PEDOT:PSS-coated silicon wafers and characterized with 
grazing incidence wide angle x-ray scattering (GI-WAXS) to probe crystallinity at 
beamline 7.3.3 of the Advanced Light Source.75 The films were then floated off onto 
silicon nitride windows to conduct resonant soft X-ray scattering (R-SoXS) at beamline 
11.0.1.2 of the Advanced Light Source76 to ascertain the domain spacing distribution and 
relative domain purity.77,78  Not only are these measurements relevant to device 
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performance, but they also reveal morphological and structural changes imposed by the 
substituent atoms since blend films receive no thermal or solvent annealing treatment. 
2.5.1. GIWAXS Analysis 
 Two dimensional GIWAXS scattering data along with out of plane and in plane 
20º sector averages are shown in Figure 5. The (100) lamellar d-spacing corresponds to 
18 Å and does not significantly change with fluorine substitution. Likewise, GIWAXS of 
the pure polymer films (see Appendix 2) also reveals that d-spacing does not change with 
addition of PCBM, which indicates that no PCBM intercalation occurs between the 
crystalline polymer chains as has been observed for other systems.79 While addition of 
fluorine does not alter d-spacing, the relative orientation and size of polymer crystallites 
is modified when going from DTffBT-based blends to those based on DTBT or DTfBT. 
For instance, DTffBT-based blends show significant scattering in the in-plane (100) 
direction compared to the single and no fluorinated blend films. Likewise, the (010) π-π 
stacking peak at q = 1.58 Å-1 in the out of plane direction is only evident for blends of 
DTffBT:PCBM. This indicates that double fluorination causes the polymer crystallites to 
adopt a more face-on orientation compared to the other two blend films with the side 
chains parallel to the substrate.  This trend has been observed for other polymers when 
fluorine is substituted on the backbone. Likewise, the lamellar crystallite size as 
calculated from the full width at half maximum of the out of plane (100) peaks and 
corrected for instrumental broadening increases from 8.2 nm to 9.1 nm to 12.8 nm for 
DTBT, DTfBT, and DTffBT-based blends. Likewise, in the in plane direction, the 
strongest lamellar stacking is also observed for the blend based on DTffBT where 
crystallite sizes of ~21 nm are determined. Atomic force microscopy phase imaging (see 
 Appendix 2) confirms this result where fibrillar structures are observed. Overall, these 
results indicate that addition of two fluorine substituent atoms causes a change in the 
polymer crystallinity and crystallite orientation of blend films. The relevance to device 
performance will be discussed below.
 
Figure 2-5. Two dimensional 
DTBT, and (c) DTBT polymers.
peaks labeled along with the typical scattering 
 
2.5.2. R-SoXS Analysis 
While GIWAXS provides valuable insights into the structure of the 
polymer/fullerene blends, it is only sensitive to the crystalline regions of the film. 
However, amorphous regions not probed with GIWAXS can 
device function, especially since molecular miscibility has been demonstrated for many 
BHJ systems.80 To gain a more complete picture of film morphology, the distributions of 
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GIWAXS data for blend films based on (a) DTffBT, (b) 
 (d) In plane and out of plane sectors with the polymer 
contribution from PCBM. 
play an important role in 
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domain spacing along with relative domain purities are assessed with resonant soft X-ray 
scattering (R-SoXS).  This technique utilizes the unique optical contrast between polymer 
and fullerene near the carbon 1s absorption edge (hν ~ 280 eV).  Using the dispersive (δ) 
and absorptive (β) parts of the complex index of refraction,   1     , for the 
polymers and PCBM (see Appendix 2), the scattering contrast as a function of photon 
energy is shown in Figure 2-6a for DTffBT and PCBM. The contrast is determined by the 
differences in δ and β and is proportional to ∆  ∆.. Also displayed in Figure 2-
6a is the contrast between polymer and fullerene with vacuum, which represents 
scattering due to mass-thickness variations, such as surface roughness.   
 Figure 2-6b shows circular averages of scattering data for photon energies of 
270.0 eV and 284.0 eV. The scattering profiles are different owing to the tunability of the 
contrast.  For 270.0 eV, the materials contrast between polymer and PCBM is nearly one 
order of magnitude lower than the pure materials to vacuum contrast ratio (see Figure 2-
6a), meaning that any scattering due to surface roughness will be enhanced. For this 
energy, only scattering for q<0.3 nm-1 is significant, indicative of surface roughness with 
large spacing greater than 1000 nm.  On the other hand, use of an energy near resonance 
such as 284.0 eV where contrast between polymer and fullerene is enhanced, scattering 
peaks are observed near 0.2 nm-1 for DTBT and DTfBT blends and around 0.08 nm-1 for 
DTffBT blends.  This indicates that the dominate domain spacing for DTffBT-based 
blends (2π/q = 80 nm) is larger than those based on DTBT and DTfBT (30 nm). The 
increase in domain spacing is representative of an increase in domain size, which has also 
been observed when adding fluorine substituent atoms in other systems.63   
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In order to justify that the scattering peaks observed for 284.0 eV photon energy 
represent domain separation between polymer-rich and fullerene-rich domains, the total 
scattering intensity (TSI) is determined as a function of energy. This corresponds to 
integrating the scattering curves in Figure 2-6a and is given by: 
      ! " #$∆  ∆%&%'  (2) 
where # is the incident photon energy, %( is the material volume fraction of each domain, and ' 
is the illuminated volume proportional to the film thickness. Figure 2-6b shows that the energy 
dependence between 280 and 287 eV has approximately the same energy dependence as 
the contrast function of polymer:PCBM and does not follow either of the vacuum 
contrast functions.  From this agreement, we can be confident that the scattering is a 
result of optical contrast between polymer-rich and fullerene-rich domains. 
Along with identifying the dominate source of x-ray scatter, the TSI can also be 
used to determine relative domain purity differences between domains. Since the contrast 
function for the three blends is nearly equivalent at 284.0 eV (see Appendix 2), the 
polymer/fullerene blend ratios are identical, and the scattering has been corrected for 
differences in active layer thickness (e.g. illuminated volume, V), any differences in the 
TSI is indicative of changes in domain purity. DTffBT-based blends have the most pure 
domains because the TSI is largest with blends based on DTfBT and DTBT having 
relative purity values of 71% and 69%, respectively. Therefore, not only is the domain 
spacing similar for DTfBT and DTBT blends, but the domain purity is also comparable 
when these two morphological characteristics are compared to DTffBT blends. 
 
 Figure 2-6. (a) R-SoXS scattering profiles for photon energies where the contrast 
between polymer and fullerene is enhanced (284.0 eV) and reduced (27
Scattering contrast for DTffBT:PCBM as function of photon energy near the carbon 1s 
absorption edge. Contrast of both polymer and fullerene with vacuum are also shown, 
which quantify mass-thickness variations such as surface roughness. The ene
dependence of the total scattering intensity (TSI) matches the energy dependence of the 
DTffBT:PCBM contrast function supporting that the measured scatter at 284.0 eV is 
dominated by contrast between polymer
scattering is dominated by surface roughness which explains the absence of the broad 
scattering distribution at this energy in (a).
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Both GI-WAXS and R-SoXS reveal that fluorine substitution plays a role in the 
determining the structure and morphology of spincast films. To summarize, the fully 
fluorinated DTffBT-based blend shows greater face-on polymer crystalline structure and 
larger lamellar crystallites along with larger polymer/fullerene domains that are more 
pure. Since blends do not receive thermal or solvent annealing treatment and are merely 
allowed to dry in a closed petri dish after spin casting, the structure and morphology are 
not forced to evolve under additional driving forces. Even when cast films were not 
allowed to dry over a typical 12 hour period and instead were vacuum dried immediately 
after spin coating, similar structural and morphological differences were observed, 
namely that polymer crystallite orientation becomes more face on and dominate domain 
spacing and purity increase with fluorine substitution (see Appendix 2). For these 
samples, the crystallite orientation and dominate domain spacing are frozen in place and 
not allowed time to diffuse into a more diffuse structure.  This indicates that the fluorine 
atoms play a fundamental role in determining the structure and morphology of the active 
layers. 
2.5.3. Polymer:PCBM Miscibility Measurement with STXM 
 Further supporting the presence of a fundamental interaction due to the substituent atoms, 
the miscibility of PCBM in each of the polymers monotonically changes with fluorine 
substituent. For this measurement, samples are solvent annealed in a closed container 
saturated with DCB solvent for three days. This leads to micron sized PCBM 
agglomeration which is reminiscent of thermally annealed blends.80 Using scanning 
transmission x-ray microscopy (STXM) at beamline 5.3.2.2 of the Advance Light 
Source,81 the remaining PCBM that does not agglomerate is measured in the polymer 
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matrix and quantified. Figure 2-7 shows spectroscopic line scans of the depleted polymer 
matrix along with linear combination fits using the pure polymer and PCBM spectra. It is 
found that the miscibility of PCBM in polymer is highest for DTBT at 20% and reduces 
to 16% and 12% for DTfBT and DTffBT, respectively. In all cases, the initial percentage 
of PCBM in the blend films is ~50% by weight as measured during solution preparation 
and confirmed on STXM measurements of non-annealed films (see Appendix 2). The 
trend in miscibility is in agreement with the trend in domain purity where the domain 
purity increases with fluorine substitution.  In other words, DTBT based blends have the 
highest miscibility (i.e. highest molecular mixing) and therefore have the lowest domain 
purity.  
The correlations between crystallinity, domain size and purity, and molecular 
miscibility with fluorine addition is surprising considering the change in the monomer 
chemistry is minor. While these trends are well-supported they each have the potential to 
influence device performance.  Since the polymer crystal orientation and domain size and 
purity each change with fluorine addition, it is difficult to pinpoint the exact 
morphological or structural mechanism that dictates performance. Most likely, the 
performance is a function of each of these traits where molecular interactions also play a 
role. However, the light intensity measurements show that bimolecular recombination is a 
key loss process of photocurrent that reduces the FF for DTBT and DTfBT-based blends.  
Since bimolecular recombination is frequently associated with charge transport, both the 
edge-on polymer crystallite orientation and impure domains could be to blame for the 
higher recombination for these two devices. Both have been argued to be critical to 
charge transport.82 Interestingly, the similar hole mobility values for the different blends  
 Figure 2-7. Miscibility of PCBM in (a) DTBT, (b) DTfBT, and (c) DTffBT
that were solvent annealed to equilibrium. Scanning transmission x
used to measure the film composition near large, pure PCBM crystals that form after 
long-term annealing. The initial PCBM percentage by weight prior to ann
 
is not a good predictor for the increased recombination observed. Therefore, the structure 
and morphology could play a very important role. A primary result of this paper is that 
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-ray microscopy was 
ealing was 50%.  
 in thin films 
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characterizing one aspect of the morphology is not sufficient to fully describe device 
performance. 
 
2.6. CONCLUSIONS 
In this study, a new polymer was synthesized and combined with two other to 
create a series of polymers with varied fluorine concentration on the BT moiety. I-V 
characterization showed that fluorine concentration has a small effect on VOC and JSC, but 
most significantly impacts device FF and bimolecular recombination. This effect can be 
explained by the observed behavior changes that are caused by increasing the fluorine 
concentration. The fully fluorinated DTffBT-based blend shows greater face-on polymer 
crystalline structure and larger lamellar crystallites along with larger polymer/fullerene 
domains that are more pure. The higher purity, caused by the observed lower miscibility 
with PCBM as fluorine concentration is increased, reduces bimolecular recombination 
leading to improved device function. Most significantly, fluorine substitution onto the BT 
unit increases overall device efficiency from 4 to over 7%, scaling with increasing 
fluorine concentration, and may have similar effects when substituted onto similar 
monomers and conjugated polymers. 
 
2.7. Experimental Section 
Reagents and instrumentation 
All reagents and chemicals were purchased from commercial sources (Aldrich, 
Acros, Strem, Matrix Scientific) and used without further purification.  Reagent grade 
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solvents were dried when necessary and purified by distillation. Microwave assisted 
polymerizations were conducted in a CEM Discover Benchmate microwave reactor. Gel 
permeation chromatography (GPC) measurements were performed on a Polymer 
Laboratories PL-GPC 220 instrument (at Cornell University) The obtained molecular 
weight is relative to the polystyrene standard.  1H nuclear magnetic resonance (NMR) 
measurements were recorded either with a Bruker Avance 300MHz AMX or Bruker 400 
MHz DRX spectrometer.  13C nuclear magnetic resonance (NMR) measurements were 
carried out with a Bruker 400 MHz DRX spectrometer.  Chemical shifts were expressed 
in parts per million (ppm), and splitting patterns are designated as s (singlet), d (doublet), 
m (multiplet) and br (broad).  Coupling constants J are reported in Hertz (Hz).  
 
UV-Vis & Fluorescence Spectroscopy 
 For both measurements, thin films of each polymer were spin-coated at 600 RPM 
onto pre-cleaned glass slides from 10 mg mL-1 polymer solution in o-dichlorobenzene, 
and dried slowly in a petri dish for 3 hours. UV-visible absorption spectra were obtained 
by a Shimadzu UV-2401PC spectrophotometer. Steady state emission spectra were 
acquired with a PTI 4SE-NIR QuantaMaster emission spectrometer equipped with a 
Xenon light source and Hamamatsu R928P photomultiplier tube (PMT). Excitation was 
at 600nm, with a 650nm long-pass optical filter inserted before the detector. Emission 
intensities at each wavelength were corrected for system spectral response. 
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Cyclic voltammetry 
Cyclic voltammetry measurements were carried out using a Bioanalytical Systems 
(BAS) Epsilon potentiostat equipped with a standard three-electrode configuration.  
Typically, a three-electrode cell equipped with a glassy carbon working electrode, a 
Ag/AgNO3 (0.01 M in anhydrous acetonitrile) reference electrode, and a Pt wire counter 
electrode was employed.  The measurements were done in anhydrous acetonitrile with 
tetrabutylammonium hexafluorophosphate (0.1 M) as the supporting electrolyte under an 
argon atmosphere at a scan rate of 100 mV/s.  Polymer films were drop-cast onto the 
glassy carbon working electrode from a 3 mg/mL chlorobenzene solution and dried under 
house nitrogen stream prior to measurements.  The potential of Ag/AgNO3 reference 
electrode was internally calibrated by using the ferrocene/ferrocenium redox couple 
(Fc/Fc+).  The electrochemical onsets were determined at the position where the current 
starts to differ from the baseline.  The highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO) energy levels of polymers were calculated 
from the onset oxidation potential (Eox ) and onset reductive potential (Ered), respectively, 
according to eqs. 1 and eqs. 2. 
)8.4( +−= oxEHOMO
 (eV)        (1) 
)8.4( +−= redELUMO
 (eV)        (2) 
 
Polymer solar cell fabrication and testing  
Glass substrates coated with patterned indium-doped tin oxide (ITO) were 
purchased from Thin Film Devices, Inc.  The 150 nm thick sputtered ITO pattern had a 
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sheet resistance of 15Ω/□.  Prior to use, the substrates were ultrasonicated for 20 minutes 
in 2-propanol.  The substrates were then dried under a stream of nitrogen and placed in a 
UV-Ozone cleaner for 20 minutes.  A 0.45 µm PVDF filtered dispersion of PEDOT:PSS 
in water (Baytron PH500) was then spun cast onto clean ITO substrates at 4000 rpm for 
60 seconds and baked at 140 °C for 20 minutes yielding a thin film with a thickness of 40 
nm.  A 1:1 w/w blend of polymer and PCBM at 10 mg/mL was dissolved in 
dichlorobenzene 120 °C for overnight, filtered through a 1.0 µm 
poly(tetrafluoroethylene) (PTFE) filter, and spun cast between 400 – 1000 rpm for 60 
seconds onto a PEDOT:PSS layer.  The substrates were then left to dry at room 
temperature under N2 for 12 hours.  The devices were finished for measurement after 
thermal deposition of a 30 nm film of calcium and a 100 nm aluminum film as the 
cathode at a pressure of ~ 1 × 10-6 mbar.  There are 8 devices per substrate, with an active 
area of 12 mm2 per device. The thicknesses of films were recorded by a profilometer 
(Alpha-Step 200, Tencor Instruments).  Device characterization was carried out under 
AM 1.5G irradiation with the intensity of 100 mW cm-2 (Oriel 91160, 300 W) calibrated 
by a NREL certified standard silicon cell. I-V curves were recorded with a Keithley 2400 
digital source meter. All fabrication steps after adding the PEDOT:PSS layer onto ITO 
substrate, and characterizations were performed in gloveboxes under nitrogen 
atmosphere.  For mobility measurements, the hole-only devices in a configuration of 
ITO/PEDOT:PSS (45 nm)/polymer-PCBM/Pd (40 nm) were fabricated.  The 
experimental dark current densities J of polymer: PCBM blends were measured when 
applied with voltage from 0 to 6 V.  The applied voltage V was corrected from the built-
in voltage Vbi which was taken as a compensation voltage Vbi=Voc + 0.05 V and the 
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voltage drop Vrs across the indium tin oxide/poly(3,4-ethylene-
dioxythiophene):poly(styrene sulfonic acid) (ITO/PEDOT:PSS) series resistance and 
contact resistance, which is found to be around 35 Ω from a reference device without the 
polymer layer.  From the plots of J 0.5 vs. V
 
(supporting information), hole mobilities of 
copolymers can be deduced from 
       (3) 
where ε0 is the permittivity of free space, εr is the dielectric constant of the polymer 
which is assumed to be around 3 for the conjugated polymers, µh is the hole mobility, V is 
the voltage drop across the device, and L is the film thickness of active layer. AFM 
Images were taken using an Asylum Research MFP3D Atomic Force Microscope. Varied 
light intensity studies were performed by using neutral density filters ranging from 0.1 up 
to 1.0 optical density. Light intensity for each filter was calculated by the ratio of 
measured current of an NREL certified stardard silicon solar cell under each filter to the 
current collected under 1-sun condition.  A total of 7 different light intensities were used 
as I-V curves were collected in series from each individual device. 
Grazing Incidence Wide Angle X-ray Scattering (GIWAXS).  
Samples for GI-WAXS were prepared on PEDOT:PSS-coated Si substrates using 
the same preparation conditions as devices. Measurements were taken at beamline 7.3.3 
of the Advanced Light Source using a Pilatus 1M detector. A grazing incident angle of 
0.15º was used where air scatter was minimized by purging the air between the x-ray 
source, sample, and detector with helium gas. 
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Resonant Soft X-ray Scattering (R-SoXS).  
Samples for R-SoXS were prepared by floating sections of the films used for 
GIWAXS onto silicon nitride windows. Measurements were taken at beamline 11.0.1.2 at 
the Advanced Light Source in transmission mode following the procedure given 
elsewhere.77 
  
2
 This chapter is reproduced in part with permission from Reference 27 and John R. Tumbleston, Andrew 
C. Stuart, Eliot Gann, Hongping Yan, Brian A. Collins, Wei You, and Harald Ade. “Insensitivity of device 
performance to morphology in high performance organic solar cells” Manuscript in Preparation for 
Advanced Materials, 2012. 
CHAPTER 3 
Fluorine Substituted Conjugated Polymer Yields 7% Efficiency and Exhibits 
Remarkable Insensitivity to Induced Morphological Changes2 
 
3.1. Introduction 
Research activities on new materials development have been almost exclusively 
focused on creating polymers with low band gaps, in order to extend the light absorption 
to 900 nm and beyond for increased light harvesting.62,24,83 However, medium (or even 
slightly wider) band gap polymers are still relevant to photovoltaics in their own right. 
Low band gap materials quite often are designed with higher than optimal HOMO energy 
levels in order to achieve a narrow band gap. 83 While this provides a high short circuit 
current (Jsc) from the increased light absorption, the open circuit voltage (Voc) suffers.37 
A high Voc is more readily achieved through medium band gap polymers with a low 
HOMO energy level. 84-86 Moreover, conjugated polymers usually have a relatively 
narrow absorption width,87 which significantly limits the light absorption of these 
materials and leads to lower than expected Jsc. An emerging solution is to employ a 
tandem cell structure, stacking two cells with active layers absorbing different parts of the 
solar spectrum. This would cover a much wider portion of the solar influx, significantly 
improving the overall device efficiency.88,89 In this regard, medium band gap 
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polymers with high photovoltaic efficiency would be desirable in addition to high 
performance low band gap polymers. 
Poly(3-hexylthiophene) has long been the standard medium band gap polymer 
used in tandem solar cells, since single bulk heterojunction (BHJ) cells of P3HT blended 
with PCBM exhibit a reliably measured power conversion efficiency between 4% and 
5%.46 However, P3HT exhibits a very high lying HOMO energy level of – 5.1 eV, which 
limits the Voc of the resulting photovoltaic cells to a low value of 0.6 V. Second, P3HT 
based BHJ cell requires either thermal or solvent annealing to reach maximum 
performance, a time consuming process, which is not conducive to roll to roll high 
throughput manufacturing. Thus, the seemingly overlooked medium band gap polymers 
warrant further exploration.  
Research efforts in this group have recently focused on developing low band gap 
intramolecular charge transfer (ICT) copolymers using the design motif outlined in Fig. 
1a.90,91,92 The motif uses a band gap reducing aromatic group (e.g. benzothiadiazole) to 
obtain a low band gap, and two flanking thiophenes which provide planarity and a 
position to anchor solubilizing alkyl chains. To apply this motif to the design of medium 
band gap copolymers, an acceptor unit with a higher LUMO energy level is required in 
order to widen the band gap. One such candidate is the 2-alkyl-benzo[d][1,2,3]triazoles 
(TAZ), which requires a higher potential to reduce due to the substitution of the sulfur 
atom in benzothiadiazole with a nitrogen atom. The lone pair on the nitrogen atom is 
more basic than the lone pairs on sulfur, and is more easily donated into the triazole ring. 
This causes polymers employing benzotriazoles as the acceptor unit to be more electron 
rich, which leads to a higher LUMO energy level. Therefore, wider band gaps are 
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observed for TAZ based polymers than the benzothiadiazole based counterparts. TAZ 
based polymers also provide an additional advantage of incorporating solubilizing alkyl 
chains onto the acceptor unit, rather than on the thiophene rings on the backbone of the 
polymer. Alkyl chains anchored to the thiophene rings on the polymer backbone may 
cause steric repulsion between the adjacent monomer units. Therefore, placing the alkyl 
chain away from the polymer backbone on the TAZ unit allows the polymer backbone to 
adopt a more planar conformation. We hypothesize that this increased planarity would 
increase the hole mobility of the resulting polymer.  
While a wider band gap is a disadvantage in that less light is harvested from the 
solar spectrum, the larger gap between the HOMO and the LUMO on the polymer 
provides an opportunity to increase the open circuit voltage.93 In order to increase the Voc 
while holding the band gap constant, the energy levels of both the HOMO and LUMO of 
the conjugated polymer must be decreased simultaneously. Thus, electron withdrawing 
groups would need to be added to the polymer. Fluorine has recently attracted attention 
as an electron withdrawing group used in high efficiency photovoltaic polymers.62 Since 
it is only one small atom in size, it can be introduced onto the polymer backbone without 
any deleterious steric effects that a larger electron withdrawing group such as a nitro or 
trifluoromethyl group would incur. Density functional theory calculations predicted a 
0.11 eV decrease in the HOMO energy level by adding two fluorine atoms to the 
benzotriazole unit. Thus, the fluorinated monomer, FTAZ, was envisioned and 
synthesized. 
Herein we report two new polymers incorporating benzodithiophene (BnDT) as 
the donor and either benzotriazole (HTAZ) or fluorinated analog (FTAZ) as the acceptor. 
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Both polymers show an optical gap of 2.0 eV, which is even slightly bigger than that of 
P3HT (1.9 eV). However, the photovoltaic performance of PBnDT-HTAZ is on par with 
that of P3HT, with an overall efficiency of 4.3% at an active layer thickness of 230 nm. 
More impressive results come from the PBnDT-FTAZ:PC61BM based BHJ cells, which 
show a Voc of 0.79 V, a Jsc of 12.45 mA/cm2, and a very notable FF of 72.2%, leading 
to a highest overall efficiency of 7.1% with an active layer thickness of 250 nm. 
Furthermore, PBnDT-FTAZ based BHJ cells are able to achieve an efficiency of 6% at 
an unprecedented active layer thickness of 1 micron, and can achieve high efficiencies 
under a number of different solvent processing conditions. All these boast the great 
potential of PBnDT-FTAZ in constructing low cost, high efficiency solar cells. 
 
3.2. Polymer Synthesis 
 
Figure 3-1. Polymerization of PBnDT-FTAZ and PBnDT-HTAZ with a Suzuki 
polycondensation. 
 
Synthesis of the FTAZ and TAZ94,95 monomers and detailed polymerization 
procedures can be found in references and Appendix 3. Polymerization of the HTAZ and 
FTAZ monomers using standard microwave Stille polycondensation conditions with the 
distannyl monomer 2,6-bis(trimethyltin)-4,8-di(3-49 butylnonyl)benzo[1,2-b:4,5-
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b']dithiophene produced the corresponding copolymers (PBnDT-HTAZ and PBnDT-
FTAZ, Fig. 3-1) in yields greater than 95%. Both polymers were purified by Soxhlet 
extraction with methanol, ethyl acetate, hexanes, and chloroform. The resulting purple 
solids from the chloroform fraction exhibit high and nearly identical molecular weight 
distributions (Table 3-1). 
 
Table 3-1. Key optical, electrochemical and polymer properties of HTAZ and FTAZ 
Polymer Mn/PDI
a
 
[kg/mol] 
Film 
Egb 
[eV] 
Extinction 
Coefficientc 
[cm-1] 
HOMO 
(CV) 
[eV] 
Mobility  
(cm2/V·s) 
2θ 
[°] 
d-
spacing 
[Å] 
PBnDT-
HTAZ 47.6/2.57 1.98 7.9×10
4
 – 5.29 2.94×10-4 4.96 17.82 
PBnDT-
FTAZ 42.2/2.36 2.00 9.8×10
4
 – 5.36 1.03×10-3 4.72 18.72 
a) Determined by GPC in 1,2,4-trichlorobenzene at 150°C. 
b) Band gap calculated from the onset of the absorption of the solid film. 
c) Measured from film absorption spectra at λmax (534 nm). 
 
3.3. Optical and Eletrochemical Properties 
The intrinsic properties of the two polymers are summarized in Table 3-1. Both 
polymers exhibit nearly identical optical band gaps around 2.0 eV from the absorption 
edge of their thin films (Fig. 3-2c), though the fluorinated material has a slightly higher 
absorption coefficient. However, the fluorinated material shows a more pronounced peak 
at around 575 nm in solution at room temperature, which is associated with inter-chain 
interactions. And while both absorption spectra blue shift by about 12 nm when collected 
in boiling chlorobenzene, the interchain association band still remains at a higher relative 
intensity for the fluorinated material (PBnDT-FTAZ). This observed absorption behavior 
48 
 
of PBnDT-FTAZ indicates that it aggregates in solution much more strongly than 
PBnDT-HTAZ. 
In addition to small differences in absorption spectra, the two polymers display 
very similar electrochemical oxidation characteristics as well (Fig. 3-2d). Cyclic 
voltammetry reveals reversible oxidation behavior for both polymers, with the fluorinated  
 
 
Figure 3-2. Solution UV-Visible absorption spectra for a) PBnDT-FTAZ and b) PBnDT-
HTAZ; c) Film UV-Vis absorption spectra for both polymers; d) The oxidative portion of 
the cyclic voltammogram for PBnDT-FTAZ and PBnDT-HTAZ. The 
ferrocene/ferrocenium redox couple is used as a standard (-4.8 eV) and is shifted up the 
Y-axis by 0.5 mA for clarity. 
 
polymer (PBnDT-FTAZ) being oxidized only 0.07 V after PBnDT-HTAZ. This slight 
difference is also predicted by DFT calculations for the HOMO energy levels of each 
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material. Both materials display HOMO energy levels at least 0.2 eV lower than the 
currently favored, wide band gap polymer, P3HT (– 5.1 eV), implying that a higher Voc 
could be obtained than that of the P3HT based devices (~ 0.6 V). The cyclic voltammetry 
LUMOs for PBnDT-FTAZ and PBnDT-HTAZ are -3.05 eV and -2.87 eV, respectively. 
In summary, despite minor differences in the aggregation properties in solution and the 
oxidation behavior, these polymers possess roughly identical optical and electronic 
properties. 
 
3.4. General Photovoltaic Properties 
Optimized photovoltaic devices were obtained by spin casting a 1:2 blend of 
polymer:PC61BM in 1,2,4-trichlorobenzene (TCB), and then allowing the 
trichlorobenzene to evaporate slowly in a petri dish. Thickness optimizations were 
conducted and summarized in Table 3-2. While the optimal thickness for PBnDT-HTAZ 
is easily identified as around 230 nm with the highest Jsc and FF among corresponding 
values associated with all thicknesses studied, the optimal thickness in the case of 
PBnDTFTAZ is arguably estimated to be around 250 nm where the highest efficiency 
was obtained (7.1%) (Fig. 3-3a and 3-3b). In fact, one particular feature of the fluorinated 
material (PBnDT-FTAZ) is its insensitivity to changes in active layer thickness. The Jsc 
continuously rises as the thickness of the active layer of PBnDT-FTAZ:PC61BM BHJ 
cells increases (Fig. 3-3c and Table 3-2). However, the fill factor peaks around 250 nm 
with a value of 72%, then drops off as the thickness increases. Nevertheless, an efficiency 
of 6% was still observed even at an unprecedented active layer thickness of 1 micron in 
the case of PBnDT-FTAZ (Fig. 3-3d). 
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It is intriguing to note that PBnDT-FTAZ performs almost twice as well as 
PBnDT-HTAZ, though the only difference between these two polymers is the two  
 
 
Figure 3-3. (a) J-V curves for the highest performing cells for each polymer. The fluorine 
atoms cause increases in every performance category. PBnDT-FTAZ overall performs 76% 
better than PBnDT-HTAZ. (b) Incident photon to current efficiency and solid film 
absorption of each blend of polymer:PC61BM. (c) Dependence of the FF and Jsc on the 
thickness of the active layer. (d) SEM of 1 micron active layer that showed 6% power 
conversion efficiency (scale bar: 1 µm). 
 
fluorine atoms on the benzotriazole unit. This is due to a 0.09 V increase in the Voc, a 10% 
increase in the Jsc, and an increase from 55% to 72% in the FF of PBnDT-FTAZ based 
BHJ cells. The small increase in Voc can be explained by two factors. First, the HOMO 
energy level for PBnDT-FTAZ is 0.07 eV lower than the non-fluorinated material, due to  
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Table 3-2. Thickness optimizations for photovoltaic devices. 
Polymer Polymer: 
PC61BM 
Thickness 
[nm] 
Voc 
[V] 
Jsc 
[mA/cm2] 
FF 
[%] 
ηaverage (ηmax) 
[%] 
PBnDT- 
HTAZ 
1:2 165 0.66 8.47 52.4 2.94 (3.27) 
1:2 230 0.70 11.14 55.2 4.30 (4.36) 
1:2 430 0.66 9.73 50.5 3.25 (3.29) 
1:2 750 0.71 9.41 47.1 3.14 (3.18) 
PBnDT- 
FTAZ 
1:2 160 0.74 11.54 70.4 6.03 (6.49) 
1:2 250 0.79 11.83 72.9 6.81 (7.10) 
1:2 310 0.79 12.20 67.3 6.47 (6.76) 
1:2 400 0.74 13.33 58.0 5.83 (6.17) 
1:2 1000 0.74 13.97 54.1 5.60 (6.06) 
 
 
the electron withdrawing effect of the fluorine atoms. Additionally, we also hypothesized 
that PBnDT-FTAZ chains may pack in a wider and possibly more ideal fashion due to the 
repulsive nature of the fluorine atoms, which repel hydrocarbon materials. This 
hypothesis was tested with X-ray diffraction spectroscopy (Table 3-1), and indeed a 
larger d-spacing was observed for the fluorinated polymer PBnDT-FTAZ than for the 
non- fluorinated material (18.6 Å vs. 17.5 Å). It is, therefore, not unreasonable to 
conclude that PC61BM is also kept slightly farther away from the PBnDT-FTAZ chains 
during electron transfer reactions. This would increase the electron-hole charge transfer 
complex separation and could slow down bimolecular recombination. This retardation of 
the recombination rate has also been witnessed in fluorinated dyes in dye sensitized solar 
cells.96 To further study this effect, we focused our efforts into a morphological study of 
the PBnDT-FTAZ material. 
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3.5. Morphology effect on Photovoltaic Properties of PBnDT-FTAZ 
 In order to probe the effect the fluorinated triazole unit placed on the morphology 
of the polymer solar cell, we fabricated a number of PBnDT-FTAZ based devices using 
different solvent and solvent evaporation conditions. Figure 3-4a shows the chemical 
structure of PBnDT-FTAZ along with current density vs. voltage (J-V) curves under 1 
Sun illumination when casting from three different solvents, chlorobenzene (CB), 1,2-
dichlorobenzene (DCB), and1,2,4-trichlorobenzene (TCB) (see Experimental section for 
fabrication details).  Relatively thick (~250 nm) active layers are used to enhance optical 
absorption above what is possible with typical active layer thicknesses of ~100 nm. Use 
of thicker active layers is also more amenable to roll-to-roll processing because ~100 nm 
thick films require precise deposition control that is difficult to achieve with current 
methods. Furthermore, after solution casting, films are merely allowed to dry in a closed 
petri dish overnight prior to electrode deposition and are not thermally treated. In terms 
of Jsc, a general improvement is noted as the boiling point of the solvent is increased 
from CB (Tb = 131 °C) to DCB (Tb = 181 °C) to TCB (Tb = 214 °C). Less variation is 
noted in the open-circuit voltage (Voc) and fill factor (FF) that remain nearly fixed at 
0.77 V and 66%, respectively. The high FF above 65% is a noteworthy trait of this 
system especially given the ~250 nm active layer thickness where greater loss of free 
 Figure 3-4. (a) Current density vs. voltage under 1 Sun illumination for PBnDT
FTAZ:PCBM devices processed from CB, DCB, and TCB. The inset shows the chemical 
structure of PBnDT-FTAZ. (b) Short
devices along with two other devices processed from TCB (number 4 and 5) that receive 
shorter annealing times compared to the normal TCB device (number 3). While changes 
are noted in the Jsc with respect to processing condition, the 
all samples indicating excellent charge transport with minimal recombination. 
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-circuit current (Jsc) and (c) fill factor (
FF remains at least 65% for 
-
FF) for these 
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carriers is expected. The high FF indicates that extraction of photogenerated carriers is 
excellent where loss of free carriers via pathways such as bimolecular recombination97 
are minimal regardless of solvent choice.  
 Since changes in performance with solvent are primarily noted in Jsc, two other 
preparation conditions are used when casting from TCB in order to broaden the 
parameter space of processing conditions. Reducing the drying time for TCB cast films 
was achieved using a larger petri dish for solvent drying (TCB (short)) and by vacuum 
drying (pressure = -30 in.Hg) for 10 min immediately after spin-coating (TCB (frozen)). 
Performance parameters are shown in Figure 3-4(b),(c) and listed in Table 3-3 for all 
processing conditions of this study. Interestingly, all the processing conditions show good 
performance above 5.8% except for blends cast from CB, where the Jsc is substantially 
reduced (Figure 1(b)). For all processing conditions, the FF remains above 65%. It 
should be noted that there are insignificant changes in absorption from UV-VIS 
measurements so variations in Jsc are asserted to be due to changes in internal quantum 
efficiency, not absorption efficiency. 
 
Table 3-3. Average device performance with different processing conditions 
Device 
Number  
Processing 
Condition  
Thickness 
(nm)  
V
oc
  
(V)  
J
sc 
(mA/cm2)  
FF 
 (%)  
PCE  
(%)  
1  CB  270 ± 5  0.79 ± 0.01  6 ± 1  65 ± 2  3.1 ± 0.8  
2  DCB  245 ± 5 0.82 ± 0.01  11.2 ± 0.4 70 ± 1  6.4 ± 0.3  
3 TCB 260 ± 5  0.79 ± 0.01  12.2 ± 0.4 69 ± 2  6.6 ± 0.3  
4  TCB (short)  250 ± 5 0.74 ± 0.01  11.8 ± 0.4 67 ± 1  5.8 ± 0.3 
5  TCB (frozen)  242 ± 5  0.77 ± 0.01  13.1 ± 0.2 69 ± 2   7.0 ± 0.4  
 
55 
 
3.5.1. Characterization of PBnDT-FTAZ Morphologies with GI-WAXS 
Given the similarity in device performance for the four devices with PCE ≥ 5.8%, 
it expected that the morphological and structural traits of the active layer are similar for 
these blend films.  In particular, polymer crystallinity, orientation, and size have been 
shown to correlate with device performance for many systems.98-100 Crystallinity and d-
spacing101 of π-π stacked polymer chains have received special attention due to the 
efficient charge transport characteristics associated with this stacking direction. Herein, 
structural properties were measured with grazing incidence wide angle x-ray scattering 
(GI-WAXS) of blend films at beamline 7.3.3 of the Advanced Light Source.75 Films were 
prepared on PEDOT:PSS-coated silicon substrates following the same preparation 
conditions as devices (see Experimental section for details). Figure 3-5a shows out of 
plane (OOP) and in plane (IP) 20º sector averages that reveal the presence of polymer 
lamellar (100) and π-π (010) crystal reflections along with the customary signature from 
PCBM near q = 14 nm-1(cite).  Overall, polymer crystallinity is observed to be relatively 
low compared to other semi-crystalline blends due to the absence of higher order polymer 
reflections or sharp reflection peaks. 
Comparing scattering data for samples prepared with different processing 
conditions, neither the lamella (1.92 ± 0.03 nm) nor π-π (0.376 ± 0.004 nm) d-spacing of 
each of the samples significantly changes. Likewise, the π-π OOP crystal size as shown 
in Figure 3-5(b) remains essentially fixed at 2.5-3 nm as determined from Sherrer 
analysis following multipeak fitting and corrections for instrument broadening (see 
Appendix 3). Given the d-spacing of π-π crystal planes, this crystal size corresponds to  
 Figure 3-5. (a) GI-WAXS out of plane (OOP) and in plane 20º sector averages of the five 
blend films of this study. Short
polymer crystals and (c) scattering intensity.  There is no significant correlation with 
device performance. This is best exemplified by comparing CB to TCB (frozen) GI
WAXS scattering which shows similar crystallinity even though PCE is 3.1% and 7.0%, 
respectively. 
 
crystallites of  ~8 polymer chains. The most noted variation with processing occurs for 
the intensity of the π-π reflections, which is a measure of the relative degree of 
crystallinity and/or relative crystallite orientation. These intensities are deter
normalizing to the intensity of the PCBM peak. As shown in Figure 3
there are significant differences in this structural metric, there is no correlation with 
device performance. The highest intensity occurs for the CB and TCB (frozen) films 
which have the lowest and highest Jsc, respectively. Furthermore, th
very similar scattering intensities over the entire q range. As the solvent annealing time 
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increases either by using a solvent with higher boiling point or by allowing for longer 
drying time, the π-π OOP intensity is reduced, while the lamellar OOP intensity increases. 
This indicates a reorientation of polymer crystallites during solvent annealing to an 
orientation that is comparatively more “edge-on” with the polymer side chains 
perpendicular to the substrate. Overall, the metrics from crystallinity analysis indicate 
that there is little correlation with device performance and that crystallite orientation and 
population can take a range of conformations to yield exceptional performance. However, 
GI-WAXS only probes crystalline regions of the film since amorphous regions of 
disordered polymer chains do not satisfy the diffraction condition. 
3.5.2. Characterization of Morphology with R-SoXS 
 Complementary to GI-WAXS, resonant soft x-ray scattering (R-SoXS) is 
sensitive to amorphous regions and probes the larger scale domain size distribution in 
polymer/fullerene films from the order of nanometers to microns.77,99 R-SoXS was 
conducted at beamline 11.0.1.2 of the Advanced Light Source76 and takes advantage of 
materials specific optical constants near the carbon 1s absorption edge of polymer and 
fullerene. The optical constants of PBnDT-FTAZ and PCBM are shown in Figure 3-
6(a),(b) and are represented by the real and imaginary parts of the index of refraction, 
n =1-δ+iβ, where δ is the real, dispersive part and β is the imaginary, absorptive part. The 
imaginary part is determined from scanning transmission x-ray microscopy (STXM) 
measurements of pure thin films and is then used to calculate the real part via a Kramers-
Kronig transformation. Near the carbon edge, both materials exhibit significant 
differences in optical constants which will be utilized to vary the contrast between 
polymer-rich and fullerene-rich domains with incident photon energy. 
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Figure 3-6(c) displays circular averages of two dimensional R-SoXS scattering 
data taken on the blend films processed as TCB (short). Reciprocal space spans two 
orders of magnitude with corresponding d-spacing (2π/q) between center to center of like 
domains ranging from less than 10 to nearly 1500 nm. Depending on the photon energy, 
scattering is dominated by contrast between the blend materials which is proportional to 
the difference in optical constants of the materials, ∆2  ∆2  ∆2, or by contrast 
between the pure materials and vacuum. The latter is due to mass-thickness variations 
such as surface roughness. For all measured incident energies (excluding 270.0 eV), a 
broad scattering distribution is observed with a maximum around 0.095 nm-1 which 
corresponds to a dominate spacing between centers of like domains of 66 nm. For 270.0 
eV, a shoulder in the scattering data is still noted for this size scale but additional 
scattering also occurs in the low q region corresponding to larger scale features. The 
energy dependence of the scattering is proportional to ∆n^2 where the contrast function 
for PBnDT-FTAZ:PCBM is show in Figure 3-6d.  By integrating the circular averages in 
Figure 3-6c over q, the total scattering intensity (TSI) is calculated assuming a two phase 
system, 
      ! " #$∆  ∆%&%'      (1)  
where E is the incident photon energy, % is the material volume fraction of each domain, 
and V is the illuminated volume. The energy dependence of the TSI follows the contrast 
between polymer and fullerene as opposed to the contrast between each material and 
vacuum (see Appendix 3). This indicates that the scattering profiles represent the BHJ 
domain structure, not surface roughness or mass/thickness variations. The only exception 
is for 270.0 eV, where scattering contributions occur from mass-thickness variations in 
 the low q regime. However, th
contrast with vacuum are one order of magnitude larger than contrast between polymer 
and fullerene (see Appendix 
Figure 3-6. (a) Real and (b) imaginary parts of the indices of refraction fo
FTAZ and PCBM near the carbon edge.  (c) R
different photon energies below and above the absorption edges of the constituent 
materials. (d) The scattering contrast between polymer and fullerene as calculated from 
the indices of refraction along with the total scattering intensity (TSI) for the traces in (c).
 
Figure 3-7(a) shows the R
FTAZ:PCBM blends processed under different conditions for 284.1 eV
energy. This energy is used because it is below the absorption edge of both materials 
since the first peaks in β in Figure 3
fullerene, respectively. Since 284.1 eV is below the absorption edge, 
susceptibility to beam damage and there is no x
regime as observed for energies above the absorption edge (see Figure 3
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Figure 3-7(a), it is observed that the peak locations and scattering intensities are highly 
sensitive to the processing conditions. For all systems, a broad and roughly Gaussian 
distribution is noted in linear-log space with peak locations representing the dominate 
domain d-spacing between the centers of like domains. The Jsc and FF are plotted as 
functions of dominate spacing in Figure 3-7(b),(c) where the range in size varies by over 
2.5 times. Remarkably, Jsc exceeds 11 mA/cm2 for this spacing range even though the 
highest Jsc of 13.1 mA/cm2 is achieved for the smallest spacing. Device FF on the other 
hand, does not show a strong dependence and is above 65% regardless of spacing size.  
Also computed from the scattering curves is the relative domain purity via the TSI 
(eqn. 1). For more mixed domains, the scattering intensity is lower than for purer 
domains since there is less optical contrast for mixed domains. By correcting for the 
illuminated volume, V, using the measured active layer thickness, the TSI is then roughly 
proportional to the square root of the TSI. Relative values of TSI1/2 are shown in Figure 
3-6(d),(e) plotted against Jsc and FF (convergence of integrations for eqn. 1 shown in 
Appendix 3). Large variations in relative purity are observed where the device with the 
least pure domains (i.e. CB) shows the lowest Jsc. Once a certain threshold is reached, 
domain purity is not observed to be a critical driver of photocurrent. Even less sensitive is 
the FF where the full range of relative purities that varies by 2.3 times always yields 
exceptionally high FF. It should be emphasized that FF ≥ 65% indicates minimal free  
 
 Figure 3-7. (a) R-SoXS circular averages for 284.1 eV photon energy for different 
preparation conditions of PBnDT
and (c, e) fill factor (FF) as f
square root of total scattering intensity (TSI), which is proportional to domain purity.
 
carrier recombination for all proc
traditionally thick active layers (~250 nm).
The structural and morphological data indicate that device performance of 
PBnDT-FTAZ:PCBM is not extremely very sensitive to polymer crystal orientation, 
domain spacing, or domain purity. While it appears that very impure domains may
photocurrent as in the case of the CB sample, the 
contrary to conclusions reached on both modelling
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-FTAZ:PCBM blends.  (b, d) Short-circuit current (
unctions of (a,b) dominate domain d-spacing and (c,d) 
essing conditions especially considering our use of non
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BHJ systems. Therefore, there must be favorable interactions between the polymer and 
fullerene that successfully stifles free carrier recombination. This is supported by our 
earlier mentioned results of high SCLC mobility values (Table 3-1) and high FF (54%) 
with a 1000nm active layer. 
3.5.3. Miscibility of PCBM and PBnDT-FTAZ with STXM 
In order to investigate the interaction strength between polymer and fullerene, the 
molecular miscibility of PCBM in PBnDT-FTAZ was measured via scanning 
transmission x-ray microscopy (STXM) at beamline 5.3.2.2 of the Advanced Light 
Source.81 Samples were solvent annealed in closed containers with either CB or TCB 
saturated atmospheres and allowed to evolve to equilibrium over the span of days. Figure 
3-8a,b indicate that PCBM is very mobile in the presence of solvent due to the 
observation of large PCBM crystals of 10 µm in size that evolve from initially mixed 
blend films. Figure 3-7 corresponds to annealing with CB, but similar results were 
obtained for samples annealed in TCB (see Appendix 3). Figure 3-7(c) displays a 
representative STXM line scan of the polymer matrix between large PCBM crystals. 
Fitting the measured reference spectra of both materials to the measured data, 3.1% 
miscibility of PCBM in PBnDT-FTAZ is determined when annealed in CB (3.7% when 
annealed in TCB). Compared to other thermally annealed blends with miscibility of 
fullerene in polymer around 20%, this exceptionally low miscibility indicates that 
energetic barriers exist between molecules of PBnDT-FTAZ and PCBM which limits 
their molecular mixing. In other words, these two materials prefer not to be in close 
proximity with each other and will phase separate if given the opportunity in the presence 
of solvent. Nearly complete phase separation after long-term annealing (see Fig. 3-7) also 
 indicates that the morphology is quenched far from global equilibrium for actual devices
since this type of material purification is n
conditions used for devices. 
Figure 3-8. (a) Reflective visible light microscope and (b) STXM images of three day 
CB solvent annealed blend films with equilibrated phase separation (dark spots are 
PCBM crystals). (c) Line scan between PCBM crystals (red line in (b)) and 
corresponding fit using the reference spectra of PBnDT
PCBM in the polymer matrix is 3.1 ± 0.1%.
 
3.6. Conclusions 
In summary, two nearly identical polymers with a medium band g
have been designed and synthesized following our design 
difference between the two is th
benzotriazole ring of the PBn
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HTAZ based BHJ solar cells is already on par with that of P3HT based devices, a 
pleasant surprise comes from the fluorinated material, PBnDT-FTAZ, with a peak device 
efficiency of 7.1% observed. PBnDT-FTAZ based BHJ devices consistently show a 
higher FF and Jsc than PBnDT-HTAZ based devices at comparable thicknesses.  
To better understand the incredible performance of the fluorinated polymer, we 
prepared films of PBnDT-FTAZ under various processing conditions with different 
solvents. Photovoltaic performance was remarkably unchanged by the different 
processing conditions, but upon characterization of the films with RSoXS, we observed 
dramatic differences in morphology. Both of these characteristics are quite unusual and 
indicate that the FTAZ structure seems to possess an intrinsic recombination suppressant. 
This property provides the use of a wider catalogue of processing solvents and conditions 
to be used for manufacturing, making the polymer system more adaptable to different 
needs in commercial photovoltaic panels. Additioanlly, if this property could be 
harnessed into lower bandgap materials, it could provide the necessary boost needed to 
enhance efficiency well over 10%. 
 
3.7. Experimental Section 
Polymer Solar Cell Fabrication and Testing.  
Glass substrates coated with patterned tin-doped indium oxide (ITO) were 
purchased from Thin Film Devices, Inc. Prior to use, the substrates were subjected to 
cleaning with ultrasonication in acetone, deionized water, and 2-propanol successively 
for 20 min each. The substrates were dried under a stream of nitrogen and subjected to 
the treatment of UV-Ozone for 15 min. A 0.45 µm filtered dispersion of PEDOT:PSS in 
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water (Baytron PH500) was then spun cast onto clean ITO substrates at 4000 rpm for 60 s 
and then baked at 140° C for 10 min to give a thin film with a thickness of 40 nm. A 1:2 
w/w blend of polymer:PCBM at a 12 mg/mL concentration of polymer was dissolved in 
trichlorobenzene with heating at 140° C overnight, filtered through a 1 µm poly- 
(tetrafluoroethylene) (PTFE) filter, and spun cast between 400 and 1200 rpm for 60 s 
onto the PEDOT:PSS layer. The substrates were then dried at room temperature under 
nitrogen for 12 h. The devices were finished for measurement after thermal deposition of 
a 30 nm film of Calcium and then a 100 nm aluminum film as the cathode at a pressure of 
∼1 x 10-6 mbar. There are eight devices per substrate, with an active area of 12 mm2 per 
device. The thicknesses of films were recorded by a profilometer (Alpha-Step 200, 
Tencor Instruments), and AFM Images were taken using an Asylum Research MFP3D 
atomic force microscope. 
Device characterization was carried out under AM 1.5G irradiation with the 
intensity of 100 mW/cm2 (Oriel 91160, 300 W) calibrated by a NREL certified standard 
silicon cell. Current density vs potential (J-V) curves were recorded with a Keithley 2400 
digital source meter. External quantum efficiencies (EQE) were detected under 
monochromatic illumination (Oriel Cornerstone 260 1/4 m monochromator equipped 
with Oriel 70613NS QTH lamp), and the calibration of the incident light was performed 
with a monocrystalline silicon diode. All fabrication steps after adding the PEDOT:PSS 
layer onto ITO substrate and characterizations were performed in a glovebox under 
nitrogen atmosphere.  
For mobility measurements, 28 the hole-only devices in a configuration of 
ITO/PEDOT:PSS (45 nm)/polymer-PCBM/Pd (40 nm) were fabricated. The 
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experimental dark current densities J of polymer-PCBM blends were measured when 
applied with voltage from 0 to 6 V. The applied voltage V was corrected from the built-in 
voltage bi, which was taken as a compensation voltage Vbi = Voc þ 0.05 V, and the 
voltage drop Vrs across the ITO/PEDOT:PSS series resistance and contact resistance, 
which is found to be around 35 Ω from a reference device without the polymer layer. 
From the plots of J0.5 vs V, hole mobilities of copolymers can be deduced from the 
equation: 
               (2) 
where ε0 is the permittivity of free space, εr is the dielectric constant of the polymer 
which is assumed to be around 3 for the conjugated polymers, µh is the hole mobility, V 
is the voltage drop across the device, and L is the film thickness of active layer. 
 
Advanced Light Source X-ray Characterization 
Samples for x-ray characterization were prepared on PEDOT:PSS-coated Si 
substrates and processed in an identical manner as those used in devices. To double-
check that no changes occurred due to substrate differences or unintentional processing 
variations compared to those used in devices, both GI-WAXS and R-SoXS measurements 
were conducted on films from actual devices. No significant differences were observed 
(see Appendix 3). 
 
Grazing-Incidence Wide-Angle X-ray Scattering (GI-WAXS): 
GI-WAXS measurements were taken at beamline 7.3.3 of the Advanced Light 
Source using a Pilatus 1M detector. A grazing incident angle of either 0.13º or was 0.15º 
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to penetrate through the entire film. Air scatter was reduced by purging the air between 
the x-ray source, sample, and detector with helium gas. 
 
Resonant Soft X-ray Scattering (R-SoXS): 
R-SoXS measurements were taken at beamline 11.0.1.2 of the Advanced Light 
Source. 
 
Scanning Transmission X-ray Microscopy (STXM): 
STXM measurements were taken at beamline 5.3.2.2 of the Advanced Light 
Source.
  
 
CHAPTER 4 
Transparent Nanoparticle Thin Films with Substantial Porosity for Enhanced 
Hole Collection and Transport for Polymer Solar Cells  
 
4.1 Introduction 
The most successful PSCs to date have relied on the favorable self-assembly of 
mixed polymer and fullerene regions into a well ordered BHJ structure. The BHJ 
structure has proven to be pivotal to maximize device efficiency as it serves to enhance 
both electron-hole pair separation, and the subsequent transport of separated holes and 
electrons to the cathode and anode, respectively. In order to achieve good device 
efficiency, regional separation of donor and acceptor materials must be within 1-2 
multiples of the exciton diffusion length,18,19 as shown in Figure 4-1. Low efficiency BHJ 
based devices typically exhibit poor phase separation causing geminate recombination,  
or poor macroscopic self-assembly which inhibits charge transport to the electrodes, 
causing bimolecular recombination.16 As investigators synthesize new polymers that can 
markedly improve charge mobility or broaden light absorption, the inherent self-
assembly properties of the polymer can be unfavorably affected. Additionally, BHJ 
structures are typically limited to active layer thicknesses of less than 200nm due to poor 
hole transport properties of the polymer material phase. This relatively thin 
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(<<1 micrometer) active layer limits the amount of light that can be absorbed by the 
device, diminishing the external quantum efficiency. 
 
 
Figure 4-1. A cross section of a typical BHJ polymer solar cell exhibiting good polymer 
and PCBM phase separation 
  
 Constructing an electrode interface with an increased surface area is a suitable 
method to enhance charge carrier transport to the electrodes and thus allow thicker active 
layers, increasing light absorption and short circuit current. Thin films consisting of n-
type (electron conducting) or p-type (hole-conducting) semiconductor nanoparticles offer 
a path for improving charge transport and collection within organic donor-acceptor bulk 
heterojunctions (See Figure 4-2). Previously reported work has shown the promise of the 
n-type TiO2 nanocrystalline electrodes.103 The electrodes are constructed by doctor 
blading a nanoparticle paste onto an ITO electrode, and then sintering the electrode at an 
elevated temperature for at least one hour. The electrode is then infiltrated with a polymer 
(P3HT) and PCBM, and then capped off with a cathode of thermally evaporated 
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Aluminum. However, investigations into the transport of holes through infiltrated P3HT 
exhibited lowered mobility due to poor polymer organization in the pore network.58 
 
Figure 4-2. A cross section of a BHJ polymer solar cell utilizing a mesoporous 
nanoparticle electrode to increase electrode surface area and charge transport 
 
We have chosen to focus our efforts on p-type semiconductor nanoparticle 
electrodes, as a marked improvement in hole transport within these materials will allow 
for thicker films to be utilized, which in turn will improve light absorption, photocurrents, 
and device efficiency. Electrodes have been constructed with spin coating and doctor 
blading both ITO and NiO nanoparticles to make nanoITO and nanoNiO films, 
respectively. Initial testing has been focused on the infiltration of a variety of bulky 
polymer chains, varying concentration, solvent and application method. Infiltration has 
been characterized using SEM, Energy Dispersive X-Ray Spectroscopy (EDS), confocal 
RAMAN spectroscopy, Secondary Ion Mass Spectrometry (SIMS) and devices have been 
tested with Current-Voltage bias testing under AM1.5G light conditions. Nearly all 
devices have been subject to shorting, the cause of which is still being investigated. 
 
4.2 Nanoparticle Film Synthesis and Formation 
In order for the nanoparticle thin film electrodes to be incorporated into working 
devices, they must be coupled with a polymer:PCBM blend and capped with an metal 
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cathode. The polymer and PCBM must be able to infiltrate into the porous electrode and 
form a favorable morphology for exciton formation, charge separation and charge 
transport to efficiently occur. Additionally, in order to realize the full potential of 
nanoparticle thin films, the following characteristics must be satisfied: 
 
1. Favorable charge transport, which is controlled by particle size, particle 
morphology, film porosity, extent of particle interconnectivity, and inter-
particle resistance. 
2. Appreciable porosity to allow for polymer donor and acceptor penetration 
into the film 
3. Minimal competitive light absorption by the nanoparticle film 
4. Controllable film thicknesses in 100-2000 nm range 
5. Smooth topography to prevent electrical shorts with top metal electrode 
 
Nano-ITO thin films were prepared a following previously reported procedure.104 
The porosity of the nanoparticle composition can be increased by adding polymer to the 
ITO nanoparticle ethanol/acetic acid dispersions that are used for preparing thin films.  
During the high temperature anneal process, the polymer is burned off.  FESEM images 
show that the films prepared with the addition of polymer are more porous than those 
without polymer.  The addition of polymer results in ITO nanoparticle dispersions with 
higher viscosities which results in thicker thin films deposited by spin-coating.  Using 
this approach, 2-30 micron thick films were routinely prepared.  
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  (A)      (B) 
Figure 4-3.  FESEM images of nanoITO nanoparticle thin films prepared (A) without 
and (B) with a polymer 
 
NiO films need to exhibit maximal transparency in the visible light spectrum so 
the majority of incident light is absorbed by the organic material.  NiO nanoparticle thin 
films were synthesized using several methods.  Initially, we followed a procedure in 
which a NiO paste was prepared by combining commercial NiO nanopowder with a 
polymer.105 Films prepared by this method are dark brown and opaque with very rough 
surface topolographies (see Figure 4-4 and Appendix 4).  The brown color is attributed to 
the presence of Ni3+ within the film which introduces intervalence Ni3+/Ni2+ 
transitions.106-108  
 
   
Figure 4-4. Cross-sectional FESEM images of NiO nanoparticle thin films prepared from 
a paste consisting of a polymer and commercial NiO nanopowder.   
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To this end, synthetic strategies were developed that expand upon earlier work 
Hagfeldt and Hammarstrom108.  Amorphous nickel hydroxide was first prepared and 
isolated by hydrolyzing a nickel(II) source and then combined with a polymer to form a 
viscous paste.  Thin films were deposited by spin-coating or doctor blading the paste onto 
conductive glass substrates followed by a high temperature anneal to convert nickel 
hydroxide to NiO and remove the polymer.  The nickel(II) source was either nickel 
chloride or nickel acetate.  FESEM images of as-prepared NiO nanoparticle thin films are 
provided in Figure 4-5 and in Appendix 4.  NiO films prepared by this method are quite 
transparent in the visible and are also quite smooth, as can be seen from macroscopic 
images of entire films (see Appendix 4). A concern with nickel chloride is the presence of 
chloride ions on the surface which may affect hole transfer transport.  For nickel acetate, 
acetate ions can be removed by combustion to render bare NiO surfaces. Slight variations  
 
                 
       (A)      (B) 
Figure 4-5.  Top-down FESEM images of NiO nanoparticle thin films deposited using a 
paste consisting of a polymer and amorphous nickel hydroxide prepared from nickel 
acetate.  Image A corresponds to a lower viscosity paste while image B corresponds to a 
higher viscosity paste. 
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in the NiO paste formulation appear to alter both the particle size (~20 nm in one batch, 
~50 nm in another) and particle morphology (primarily quasi-spherical, although one 
batch gave NiO nanorings).   
 Another important aspect of nanoparticle film formation which we have begun to 
address is film contamination and defects. These defects can manifest in film formation 
cracking (Figure 4-6b), voids caused by large clumps of polymer or dust particles that 
evaporate upon calcination, and brittle post film formation cracking failures. These types 
of failures can cause significant problems in device shorting and total device failure upon 
polymer infiltration and cathode evaporation. We are currently addressing these defect 
issues by preparing film pastes and doctor blading in a clean room environment, 
preventing dust particle contamination which we attribute to a majority of the film 
defects. Initial studies of these clean room prepared films have yielded results with 
overall much lower density of defects. 
 
 
Figure 4-6.  (a) Large area top-down SEM image of the surface of a nanoNiO film. 
Defects can be spotted in a variety of shapes and sizes, most noticeably highlighted by 
charging giving defects a white outline. (b) A close up SEM image of a relatively small 
crack/void defect. 
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4.3 Nanoparticle Film Infiltration and Characterization 
 Once films of nanoITO and nanoNiO were consistently produced with appropriate 
nanoparticle size and pore density, they were initially infiltrated with the ubiquitous 
semiconducting polymer Poly(3-hexyl-thipohene) (P3HT) used as purchased from Rieke 
Metals, and PC61BM  as purchased from Nano-C. The two materials were prepared in a 
typical fashion, by dissolving each into a chlorinated solvent (e.g. 1,2-dichlorobenzene), 
at concentrations between 5 and 30 mg/mL, and thus spun cast at 400-1500rpm (see 
Experimental Section). After allowing the solvent to evaporate overnight, the substrates 
were cleaved and a cross section was analyzed with SEM. PCBM exhibited very good 
infiltration with all analyzed films due to its inherently small structure (Figure 4-7(b)), 
but P3HT did not incorporate as well into the mesoporous structure. At best, P3HT 
infiltration was verified with SEM analysis (Figure 4-7a), but with many samples 
charging and incomplete infiltration prevented visible confirmation of good P3HT 
infiltration. 
 
        
(A)      (B) 
Figure 4-7.  FESEM images of nanoITO nanoparticle thin films infiltrated (A) with 
P3HT and (B) with PCBM 
 For films where there was no visible P3HT, we attempted to
with Energy Dispersive X-
resolution was used to identify the chemical makeup of the electrodes with polymer and 
PCBM. EDS maps revealed peaks associated with the chemical makeup of the substrate 
(Silicon, Oxygen, etc) transparent
and Carbon). The EDS peaks were
proved to be an adequate and relatively quick method to verify infiltration. However,
encountered some problems with using only SEM and EDS to characterize our 
polymer/nanoparticle films. Often times with EDS 
especially with the Sulfur and Carbon species. In addition, drifting of the scan area 
occurred while the EDS scans were performed, which often led to inaccurate mapping of 
the chemical species. Additionally, in the future we plan to incorporate a multitude of 
photovoltaic materials into a single nanoparticle film and we require a characterization
 
Figure 4-8.  FESEM images of nanoITO thin films infiltrated with P3HT and EDS maps 
of chemical species 
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Ray Scattering (EDS). EDS mapping with good spatial 
 electrode (Indium, Tin, Oxygen) and polymer (Sulfur 
 easily identified (See Figure 4-8 and Appendix 4
there was a poor signal to noise ratio, 
 
), and 
 we 
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method that can more accurately differentiate spatially and chemically between the 
different mixed components. 
To address these issues, we pursued two additional methods of film 
characterization: scanning optical Raman spectroscopy and Secondary Ion Mass 
Spectrometry (SIMS). First, we fabricated very thick films (~30 micrometers) onto a non- 
transparent Si wafer substrate. This thicker film allows for easy cross-sectional analysis 
of polymer penetration by Raman spectroscopy. With this method, we iteratively scan the 
profile of a film from the substrate up with a 488nm laser focused to 1 micrometer, which 
can accurately identify different polymers and PCBM with a better signal to noise ratio 
than EDS. To better illustrate the method, Figure 4-9 shows how the scan path correlates 
to the measured Raman shift signal. In this example, the nanoparticle film thickness was 
25 micrometers and P3HT was identified by Cα-Cβ stretching (1450 cm-1) and Cβ - Cβ’ 
stretching  (1378 cm-1). The fact that the signal begins and fades as the laser encounters 
and leaves the nanoITO film indicates the film was fully infiltrated and P3HT was easily 
identified. A film infiltrated with FTAZ polymer was also characterized and exhibited a  
 
 
Figure 4-9. Raman shift and experimental setup of a 25 micrometer thick nanoITO film 
infiltrated with P3HT 
 
 unique Raman shift (see Appendix 4) which could be used to identify regional 
differences of a mixed P3HT/FTAZ film. 
While the scanning optical Raman meth
for film characterization, it left something to be desired in terms of spatial resolution. 
This prompted us to pursue one additional characterization method, SIMS. Some 
drawbacks of using SIMS are the need for high 
experienced technician is needed to run the experiment. However these drawbacks are
more than made up for by the accurate identification of chemical species and very good
spatial resolution. SIMS can detect chemical species with concentrations as low as 10
atoms/cm3. Analysis of both nanoNiO (Figure4
infiltrated through the entire nanoparticle film, as indicated by the strong sulfur ion 
intensity throughout the entire sputter profile. SIMS analysis was performed on a variety 
Figure 4-10. (a) NanoNiO film sputtered for increasing amounts of time to allow mass 
spectrometry analysis at different infiltration depths.  (b) Intensity of differen
species vs sputter time. Longer sputter times represent increasing depth into the sample 
from the top surface (going from left to right on 4
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od proved to be a fast and facile method 
vacuum, long sputtering times and an
-10b) and nanoITO revealed P3HT indeed 
-10a). 
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of samples, including nanoNiO and nanoITO films infiltrated with P3HT and PCBM. 
Depth profiles revealed good infiltration of both constituents. However to save time, 
thick nanoparticle films that did not adhere well to silicon wafer substrates was removed 
with double sided scotch tape and mounted upside down to easily probe the backside and 
verify chemical species infiltrated the entire film. 
 
4.4 Nanoparticle Films in Polymer Solar Cell Devices  
Once infiltration of P3HT and PCBM was verified, we constructed polymer solar 
cell devices with the nanoITO or nanoNiO acting as the hole collector/transporter. The 
two components, PCBM and P3HT were prepared in a fashion typical of organic 
photovoltaic devices: a 1:1 weight ratio dissolved in 1,2-Dichlorobenzene. Devices were 
both spin coated and drop cast with the mixed solution, and a calcium/aluminum cathode 
was evaporated to complete the device. Initial I-V curves revealed device behavior of 
either an insulator (no current) or a good conductor (device shorting.) Shorting of the 
initial devices prompted us to develop a clean room procedure for film preparation to 
prevent defects causing shorting and device malfunction.  
 
Figure 4-11. Diagram of a typical polymer solar cell device constructed with 
nanoITO/nanoNiO film. Layer 2 (ITO) is directly contacted by a pin to access the anode 
electrode, and each portion of layer 5 (Ca/Al) is contacted by individual pins to access the 
cathodes of each device. 
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Additionally, we have begun to investigate methods for complete nanoparticle 
coverage and achieving a thin top layer to prevent shorting caused by cathode 
evaporation. A stable and full coverage top layer is a tricky addition to the nanoparticle 
film/polymer/PCBM composite. We tried a number of methods, including 
supersaturating the spin coating solution, a second spincoating deposition at high 
temperature, room temperature and in orthogonal solvents (DCM), and thermal 
evaporation of C60. We have had limited success with second layer spin coating 
deposition of a high concentration P3HT:PCBM mixture at room temperature with low 
spin speeds, but these methods are still being investigated. Additional coverage methods 
for future investigation include P3HT-COOH and Z907 dye which can adsorb to the 
oxide surface, surface initiated polymerization of P3HT or other hole accepting polymer, 
and oxide surface functionalization.  
 
4.5. Conclusions 
In summary, nanoparticle thin films of ITO and NiO were successfully fabricated 
with both spin coating and doctor blading techniques. Optimization of nanoparticle size 
and starting materials yielded robust highly porous semitransparent films. SEM, EDS, 
Raman and SIMS verified good infiltration of both PCBM and P3HT into the porous 
network and initial tests of solar cell function yielded a majority of shorted devices. The 
infiltration studies are promising, but we are currently addressing the defects and 
coverage issues causing the shorting of devices. Once the shorting issues are solved, 
nanoNiO and nanoITO should prove to be a functional platform that can provide 
enhanced light absorption and hole transport to the active layer and yield much higher 
currents and efficiencies of polymer solar cell devices. 
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4.6. Experimental Section 
Nanoparticle Film Fabrication 
A nickel (II) hydroxide precursor mixture was created by adding 10 g Ni(OH)2 
nanoparticles (10-30 nm diameter) to 0.1 M aqueous acetic acid under constant stirring 
until the total volume of solution was 250 mL, resulting in a homogeneous light-green 
transparent suspension.  Water was then removed from the suspension by rotovaping at 
45°C for approximately two hours under the total mass of the suspension was 36 g.  
Under constant stirring, 1.4 g of hydroxypropyl cellulose was slowly added, and the 
resulting mixture was sealed and allowed to continue stirring for 24 hours.  The resulting 
precursor mixture was light green, slightly viscous, and opaque.  After mixing, 
continuous stirring was employed to keep the mixture from phase separating. 
Glass substrates coated with patterned tin-doped indium oxide (ITO) were 
purchased from Thin Film Devices, Inc.  Prior to use, the substrates were subjected to 
cleaning with sonication in 2-propanol for 15 minutes, then dried under a stream of 
nitrogen and subjected to UV-ozone treatment for 15 minutes.  The substrates were 
masked ~3mm on three sides using a single layer of Sherkon #22 kapton tape. Using a 
standard 1 mL syringe with a 20 gauge needle, ten drops of the precursor mixture was 
added to the unmasked region.  A clean glass slide was used to smooth the mixture over 
the unmasked region and then clear off the excess.  The coated substrate was then 
allowed to air dry while covered for two hours.  The kapton tape was removed, and then 
the substrate was calcined at 500°C for one hour. The resulting 19 mm x 22 mm film was 
analyzed under SEM and EDS using a FEI Helios 600 Nanolab Dual Beam System FIB-
SEM with an integrated Oxford Instruments INCA PentaFET x3 EDS.  The film was 
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determined to be 99%+ pure NiO with an average thickness of 1.36 ± 0.21 µm and a 
porous structure. 
 
Nanoparticle Film Based Polymer Solar Cells 
A blend of polymer and PC61BM with varied concentration and feed ratio were 
dissolved in organic solvent with heating at 90 °C for 6 hours.  All the solutions were 
filtered through a 0.45 µm poly(tetrafluoroethylene) (PTFE) filter, spun cast at different 
rpm for 60 seconds onto the nanoparticle thin films.  The substrates were then dried at 
room temperature for 12 hours.  The devices were finished for measurement after thermal 
deposition of a 25 nm film of calcium and a 80 nm aluminum film as the cathode at a 
pressure of ~ 1×10-6 mbar.  There are 8 devices per substrate, with an active area of 12 
mm2 per device.  Device characterization was carried out under AM 1.5G irradiation with 
the intensity of 100 mW/cm2 (Oriel 91160, 300 W) calibrated by a NREL certified 
standard silicon cell.  Current versus potential (I-V) curves were recorded with a Keithley 
2400 digital source meter.  All fabrication steps after fabrication of the nanoparticle thin 
film on ITO substrates, and characterization was performed in gloveboxes under nitrogen 
atmosphere. 
  
CHAPTER 5 
Conclusions and Future Research Opportunities 
 
5.1 Conclusions 
 Improving the efficiency of polymer solar cells to levels that will allow them to 
compete with other solar energy technologies is a complex and daunting task. In this 
work, the unusual properties of fluorine constituents have been carefully examined and 
characterized. Fluorine constituents have been shown to have a dramatic effect on 
photovoltaic properties of two different conjugated polymer structures, affecting not only 
the intrinsic electronic levels of polymers, but also influencing charge recombination, 
free carrier transport, and active layer morphology. These results show that constituents 
play a major role in the photovoltaic response of PSCs, and should be added to other high 
performance conjugated polymer systems to improve device efficiency. Mesoporous 
transparent oxide structures were constructed in an attempt to provide an electrode 
platform that can both enhance hole transport and suppress charge recombination of 
PSCs. The films exhibited adequate porosity to harbor a polymer/PCBM BHJ while 
simultaneously allowing a much thicker active layer to enhance light absorption. Further 
optimization of these devices should yield enhanced photocurrents with the potential to 
boost efficiency beyond the 10% efficiency threshold. 
 Beyond the scope of this thesis there are numerous opportunities to enhance the 
performance of polymer solar cells. In this chapter I will highlight some interesting 
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avenues of research that could prove to be vital to the development of the next generation 
of PSCs.  
 
5.2 Future Research Opportunities for Polymer Solar Cells 
5.2.1 Mesoporous Oxide Films as a Platform for Functional Electrodes 
 The development of the nanoporous oxide film structure has a number of 
implications for the future development of polymer solar cells. While the structure should 
provide the enhancements to charge transport and collection it was designed to do, it also 
provides an opportunity for precise morphology control at the nanometer scale. Similar 
oxide structures have been successfully loaded with surface anchoring ruthenium based 
dyes9. Incorporating a dye layer into a PSC device could both enhance light absorption 
and also act as a functional hole accepting layer that can prevent bimolecular 
recombination. Furthermore, non-dye based monolayers have been reported to enhance 
charge collection41 and device efficiency and could be easily incorporated into the 
nanoITO or nanoNiO films. The oxide structure can also be easily functionalized with 
carboxylic and phosphonic acid groups. These functional groups can be attached to end 
groups or side chains of different conjugated polymers, further driving the intimate 
contact of the donor polymer with the hole transporting oxide film. Initial studies of 
infiltrated P3HT with –COOH functionalized alkyl chains have already been performed 
with promising UV-Vis absorption results. Finally, the nanoparticle film can also serve as 
a substrate for surface initiated polymerization. Electropolymerization109,110 and catalyst 
transfer polymerization111,112 of P3HT and similar conjugated polymers have been 
successfully performed on planar transparent conductive electrodes. The principle 
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techniques of these polymerizations can be transferred to the mesoporous oxide films to 
create a thin layer of vertically attached polymers. This can provide great control of the 
morphology of the BHJ as seen in Figure 5-1, while allowing a two-step addition of 
donor and acceptor materials. Exerting nanoscopic control of BHJ morphology without 
the need to develop complex solvent mixing or solvent additive recipes is a revolutionary 
step that could allow the use of polymers that were initially irrelevant due to poor 
solubility or morphology properties.  
 
 
Figure 5-1. Surface initiated conjugated polymer anchored to a nanoparticle film 
electrode with PCBM infiltrated post polymerization.  
 
Additionally, there is an opportunity to grow multiple types of conjugated polymers that 
will transport charges directly to the electrode rather than transferring holes to other 
polymer chains which can possess traps. Polymers with complementary light absorption 
spectra can be simultaneously grown, absorbing light across the entire visible spectrum 
and dramatically increasing the photocurrent similar to a parallel-like BHJ.113  
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5.2.2 New Acceptor Materials with Complementary Light Absorption 
 In this work, the only acceptor material used was PC61BM. This material has been 
an extremely successful electron accepting material due to its favorable electron transport 
properties, rapid electron acceptance, and good morphology formation with conjugated 
polymers. However, PC61BM is relatively poor at absorbing light in the visible regime so it 
contributes very little to the photocurrent.  PC71BM is one alternative as it has appreciably 
more light absorption than PC61BM, yielding enhanced photocurrents and device 
efficiencies,26,62,114 but this is only an incremental increase. We have recently begun a 
collaboration with the Therein research group at Duke in an effort to design a new 
acceptor material that can simultaneously act as a significant light absorber. Our efforts 
thus far have yielded a new porphyrin based acceptor that has successfully acted as an 
electron acceptor while simultaneously contributing a significant amount to the 
photocurrent. This contribution is most easily observed in an IPCE plot of the porphyrin 
acceptor mixed with P3HT as the donor polymer in Figure 5-2. 
 
 
Figure 5-2. Normalized EQE spectra of P3HT:PC61BM and P3HT:Porphyrin Acceptor 
(506). The 506 contribution to the photocurrent can easily be seen from 650-720 nm. 
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Further optimization of the electronic levels of the porphyrin material in addition to film 
processing to improve device morphology could lead to new polymer solar cell devices 
that easily absorb the entire visible light spectrum.  
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APPENDICES 
Appendix 2 
Additional Data for Adjusted Light Intensity Study 
 
Table A2-1. Photovoltaic characteristics of DTBT, DTfBT, and DTffBT 100nm thick 
films at incremental light intensities 
DTBT 100nm 
Light Intensity 
(Fraction of 1 Sun) 
Jsc 
(mA/cm^2) 
Voc 
(V) 
FF 
(%) 
Efficiency 
(%) 
Series R 
(Ohm*cm2) 
Jsat 
(mA/cm^2) 
Jsc/Jsat 
(%) 
0.15 2.10 0.73 55.8 5.51 8.83 2.50 83.9 
0.39 4.96 0.74 53.5 5.10 7.90 6.25 79.3 
0.50 6.11 0.75 52.5 4.84 7.66 7.78 78.4 
0.62 7.65 0.75 51.3 4.76 7.33 9.75 78.4 
0.77 9.71 0.75 50.1 4.75 6.94 12.44 78.1 
1.00 11.93 0.76 48.7 4.43 6.65 15.19 78.5 
1.26 14.21 0.76 47.6 4.07 6.30 18.30 77.7 
1.55 17.22 0.76 46.3 3.92 5.98 22.24 77.4 
DTfBT 100nm 
Light Intensity 
(Fraction of 1 Sun) 
Jsc 
(mA/cm^2) 
Voc 
(V) 
FF 
(%) 
Efficiency 
(%) 
Series R 
(Ohm*cm2) 
Jsat 
(mA/cm^2) 
Jsc/Jsat 
(%) 
0.15 2.02 0.80 57.6 6.03 5.98 2.34 86.3 
0.39 4.96 0.82 55.1 5.80 5.68 5.82 85.2 
0.50 6.21 0.83 54.2 5.61 5.53 7.32 84.8 
0.62 7.69 0.83 53.9 5.58 5.38 9.25 83.1 
0.77 9.94 0.84 52.9 5.71 5.21 12.08 82.3 
1.00 12.11 0.84 51.8 5.30 5.03 14.83 81.6 
1.26 14.37 0.85 51.1 4.95 5.04 17.91 80.2 
1.55 17.66 0.85 50.4 4.89 4.78 22.32 79.1 
DTffBT 100nm 
Light Intensity 
(Fraction of 1 Sun) 
Jsc 
(mA/cm^2) 
Voc 
(V) 
FF 
(%) 
Efficiency 
(%) 
Series R 
(Ohm*cm2) 
Jsat 
(mA/cm^2) 
Jsc/Jsat 
(%) 
0.15 2.12 0.85 63.0 7.33 7.81 2.56 82.7 
0.39 5.11 0.87 63.5 7.29 6.94 6.13 83.3 
0.50 6.44 0.88 63.1 7.18 6.61 7.63 84.4 
0.62 8.13 0.88 63.1 7.31 6.25 9.59 84.7 
0.77 10.65 0.89 61.8 7.55 5.86 12.39 86.0 
1.00 13.17 0.89 61.1 7.18 5.49 15.36 85.8 
1.26 15.71 0.90 61.4 6.87 5.13 18.40 85.4 
1.55 19.41 0.90 59.8 6.75 4.83 24.02 80.8 
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Table A2-2. Photovoltaic characteristics of DTBT, DTfBT, and DTffBT 150nm thick 
films at incremental light intensities 
DTBT 150nm 
Light Intensity 
(Fraction of 1 Sun) 
Jsc 
(mA/cm^2) 
Voc 
(V) 
FF 
(%) 
Efficiency 
(%) 
Series R 
(Ohm*cm2) 
Jsat 
(mA/cm^2) 
Jsc/Jsat 
(%) 
0.17 2.09 0.76 52.48 4.92 5.41 2.53 82.66 
0.41 4.77 0.78 50.78 4.57 5.22 6.17 77.37 
0.52 5.93 0.78 49.73 4.42 5.18 7.78 76.14 
0.64 7.27 0.78 48.87 4.34 5.13 9.61 75.70 
0.81 9.25 0.79 47.22 4.24 5.08 12.15 76.17 
1.00 11.17 0.79 46.32 4.09 5.01 14.96 74.65 
1.16 13.08 0.79 45.22 4.02 4.90 17.41 75.15 
1.45 16.06 0.79 44.02 3.88 4.83 21.65 74.21 
DTfBT 150nm 
Light Intensity 
(Fraction of 1 Sun) 
Jsc 
(mA/cm^2) 
Voc 
(V) 
FF 
(%) 
Efficiency 
(%) 
Series R 
(Ohm*cm2) 
Jsat 
(mA/cm^2) 
Jsc/Jsat 
(%) 
0.15 2.03 0.80 58.59 6.16 5.10 2.30 88.15 
0.39 4.90 0.82 56.45 5.86 4.87 5.80 84.55 
0.50 6.08 0.82 55.90 5.66 4.78 7.28 83.56 
0.62 7.62 0.83 54.79 5.60 4.70 9.15 83.27 
0.77 9.72 0.84 53.39 5.60 4.59 11.84 82.09 
1.00 11.74 0.84 52.58 5.18 4.48 14.42 81.44 
1.26 14.23 0.84 51.18 4.88 4.36 17.50 81.30 
1.55 17.34 0.85 50.03 4.74 4.20 21.40 81.03 
DTffBT 150nm 
Light Intensity 
(Fraction of 1 Sun) 
Jsc 
(mA/cm^2) 
Voc 
(V) 
FF 
(%) 
Efficiency 
(%) 
Series R 
(Ohm*cm2) 
Jsat 
(mA/cm^2) 
Jsc/Jsat 
(%) 
0.17 2.07 0.85 56.43 5.82 5.94 2.60 79.31 
0.41 4.96 0.88 55.91 5.96 5.78 6.21 79.93 
0.50 6.15 0.88 55.60 5.98 5.72 7.68 80.16 
0.63 7.75 0.89 54.96 5.99 5.69 9.60 80.74 
0.81 10.01 0.89 54.07 5.95 5.65 12.35 81.04 
1.00 12.25 0.90 53.61 5.89 5.63 15.23 80.46 
1.20 14.66 0.90 52.65 5.78 5.58 18.26 80.27 
1.47 17.99 0.90 51.93 5.73 5.51 22.36 80.44 
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Table A2-3. Photovoltaic characteristics of DTBT, DTfBT, and DTffBT 200nm thick 
films at incremental light intensities 
DTBT 200nm 
Light Intensity 
(Fraction of 1 Sun) 
Jsc 
(mA/cm^2) 
Voc 
(V) 
FF 
(%) 
Efficiency 
(%) 
Series R 
(Ohm*cm2) 
Jsat 
(mA/cm^2) 
Jsc/Jsat 
(%) 
0.18 2.20 0.78 46.28 4.49 7.41 2.89 76.06 
0.43 4.94 0.80 43.36 4.03 7.15 6.96 71.09 
0.53 6.08 0.81 42.31 3.94 7.03 8.60 70.77 
0.65 7.39 0.81 41.52 3.82 6.90 10.62 69.61 
0.82 9.21 0.81 40.49 3.68 6.74 13.45 68.43 
1.00 11.03 0.82 39.49 3.56 6.52 16.31 67.62 
1.19 12.95 0.82 38.75 3.45 6.41 19.42 66.67 
1.44 15.22 0.82 38.10 3.29 6.33 23.49 64.79 
DTfBT 200nm 
Light Intensity 
(Fraction of 1 Sun) 
Jsc 
(mA/cm^2) 
Voc 
(V) 
FF 
(%) 
Efficiency 
(%) 
Series R 
(Ohm*cm2) 
Jsat 
(mA/cm^2) 
Jsc/Jsat 
(%) 
0.17 2.15 0.78 55.82 5.42 3.58 2.66 80.98 
0.42 5.09 0.80 52.56 5.14 3.52 6.43 79.13 
0.52 6.32 0.81 51.56 5.09 3.50 7.96 79.42 
0.64 7.81 0.81 50.34 5.01 3.45 9.81 79.58 
0.83 10.12 0.82 48.27 4.83 3.44 12.71 79.61 
1.00 12.14 0.82 47.07 4.69 3.39 15.39 78.89 
1.21 14.64 0.82 45.76 4.55 3.35 18.66 78.45 
1.48 17.74 0.83 43.94 4.36 3.27 22.75 78.01 
DTffBT 200nm 
Light Intensity 
(Fraction of 1 Sun) 
Jsc 
(mA/cm^2) 
Voc 
(V) 
FF 
(%) 
Efficiency 
(%) 
Series R 
(Ohm*cm2) 
Jsat 
(mA/cm^2) 
Jsc/Jsat 
(%) 
0.16 2.24 0.84 50.34 5.86 3.94 2.87 78.02 
0.40 5.28 0.87 49.64 5.64 3.85 7.13 74.05 
0.50 6.61 0.87 49.05 5.61 3.75 8.91 74.11 
0.63 8.25 0.88 48.48 5.60 3.70 11.10 74.31 
0.81 10.54 0.89 47.87 5.54 3.62 14.26 73.95 
1.00 13.01 0.89 47.13 5.46 3.50 17.69 73.53 
1.18 15.19 0.90 46.55 5.38 3.66 20.82 73.00 
1.43 18.56 0.90 45.63 5.32 3.59 25.30 73.37 
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Atomic Force Microscopy Images 
 
 
 
 
 
 
 
 
 
 
Figure A2-1. AFM phase image of 100nm DTBT:PCBM film 
 
 
 
 
 
 
 
 
 
 
Figure A2-2. AFM phase image of 100nm DTfBT:PCBM film 
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Figure A2-3. AFM phase image of 100nm DTffBT:PCBM film 
 
 
 
 
 
 
 
 
 
 
 
 
  
Additional Data for Morphology Study
Figure A2-4:  (a) Real (δ) and imaginary (
PCBM and DTffBT.  The imaginary part is determined from NEXAFS transmission 
scans of pure films using scanning transmission x
of the Advanced Light Source.
transformation of the imaginary part. The assumed densities of polymer and PCBM are 
1.1 and 1.3 g/cm3, consistent wit
functions for the three polymers used in this study with PCBM. No significant differences 
are noted indicating that the complex index of refraction for each polymer is similar 
regardless of fluorine substitution.
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β) parts of the complex index of refraction of 
-ray microscopy of at Beamline 5.3.2.2 
81
 The real part is then calculated from a Kramers
h measurements of P3HT and PCBM115
 
 
-Kronig 
 (b) Contrast 
 Figure A2-5:  Two dimensional pure film GIWAXS data of (a) DTffBT, (b) DTfBT, and 
(c) DTBT on PEDOT:PSS
PEDOT:PSS on silicon.  (e) 20 degree in plane and out of plane sector averages 
corresponding to (a)-(d).  As wi
highest intensity in plane (100) peak.
 
94 
-coated silicon substrates.  (d) GIWAXS of reference 
th the device data in the manuscript, DTffBT shows the 
 
 
 Figure A2-6:  Two dimensional GIWAXS of blend films comprised of PCBM and (a) 
DTBT, (b) DTfBT, and (c) DTffBT on PEDOT:PSS
spincoated from DCB and immediately dried in a vacuum chamber to remove residual 
solvent. (d) In plane and out of plane sector averages. (e) Zoom in of   (d) GIWAXS of 
reference PEDOT:PSS on silicon.  (e) 20 degree in plane and out of plane sector averages
corresponding to (a)-(d).  As with the device data in the manuscript, DTffBT shows the 
highest intensity in plane (100) peak.  (f) Corresponding R
films showing the distribution of domain spacings for 284.0 eV photon energy.  
eV, there is minimal scattering, which indicates that surface roughness is low in this q
range since material contrast with vacuum is dominate at this energy.
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-coated silicon substrates that were 
-SoXS data for the same blend 
 
 
 
 
At 270.0 
-
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Figure A2-7:  PCBM fraction of polymer:PCBM thin films prior to long-term solvent 
annealing for miscibility measurements.  Blends based on DTBT, DTfBT, and DTffBT 
are shown in (a), (b), and (c) respecivity.  In all cases the PCBM is ~50% by weight, the 
same as measured during solution preparation. 
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Monomer and Polymer Synthesis 
Scheme A2-1. Synthetic Route for DibromoDTfBT. 
 
 
5-fluorobenzo[c][1,2,5]thiadiazole (2). To a round bottom flask were added 1 (0.33 g, 
2.6 mmol), CHCl3 (30 mL) and triethylamine (0.7 mL, 7 mmol). The solution was stirred 
until compound 1 was completely dissolved. Thionyl chloride (0.7 g, 5.2 mmol) was 
added dropwise and the mixture was heated to reflux for 5 h. The mixture was then 
cooled to room temperature before it was extracted with CHCl3 (10 mL×3). The organic 
layer was combined and dried over MgSO4. A short silica plug was used to remove most 
of the impurities, then solvent was evaporated and the product as white needle-like 
crystal (0.29 g) was obtained by column chromatography using hexane/dichloromethane 
(1:3 v/v) as the eluent. Yield:72%. 1H NMR (400MHz, CDCl3):  δ 7.96 (dd, 1H, JH-H= 5.2 
Hz, JH-F= 9.6 Hz), 7.58 (dd, 1H, JH-H= 2 Hz, JH-F= 8.8 Hz), 7.40 (m, 1H). Note: this 
compound is now commercially available from Matrix (catalog number 003286) 
5-fluoro-4,7-diiodobenzo[c][1,2,5]thiadiazole (3). A mixture of 2 (0.29 g, 1.9 mmol), I2 
(2.5 g, 10 mmol) and fuming sulfuric acid (10 mL) in a RB flask was stirred at 50°C for 8 
h. After cooling to room temperature, the reaction mixture was poured into a 500 mL 
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beaker with crushed ice. Chloroform was added and the mixture was transferred into a 
separatory funnel and washed with distilled water, followed by 1M NaOH solution 
several times to remove excess iodine and finally washed with saturated NaHCO3. The 
organic layer was then dried over MgSO4. After the solvent removal, the yellow needle-
like crystalline product was used without further purification. Reaction temperature and 
reaction time were screened and the reported condition gave highest yield of the product.  
 
5-fluoro-4,7-bis(4-(2-ethylhexyl)-2-thienyl)-2,1,3-benzothiadiazole (DTfBT). In a 250 
mL flame-dried 2-neck round-bottom flask with a condenser, the light yellow crystal 
from last step (1.9 mmol), excess of (4-(2-ethylhexyl)thiophen-2-yl)trimethylstannane 
(1.90 g, 4 mmol) and dry toluene 20 mL were added. The mixture was purged with argon 
for 15min. Then Pd(PPh3)4 (30 mg) was added and the reaction mixture was heated to 
reflux for 1d. The reaction mixture was then cooled to room temperature and the solvent 
was evaporated. The crude orange product was purified by column chromatography with 
hexane/dichloromethane (50:1 v/v) as eluent. The solvent was evaporated and the product 
was recrystallized from ethanol as orange solid. Yield: 0.237g (23% from compound 2). 
1H NMR (300MHz, CDCl3): δ 8.08 (s, 1H), 7.96 (s, 1H), 7.77&7.73 (d, 1H, J=12.9 Hz), 
7.14 (s, 1H), 7.08 (s, 1H), 2.65 (dd, 4H, J=6.9 Hz), 1.66 (m, 2H), 1.21-1.44 (m, 16H), 
0.80-0.94 (m, 12H). 13C NMR (400MHz, CDCl3): δ 160.0, 157.8, 153.2, 149.6, 143.1, 
142.1, 137.3, 132.0, 130.2, 125.7, 125.6, 123.9, 123.8, 116.8, 116.5, 111.1, 40.2, 34.5, 
32.5, 29.0, 28.9, 26.6, 25.7, 23.1, 16.3, 14.2, 13.5, 10.9. 
160.1, 153.0, 149.4, 142.4, 141.5, 136.9, 132.0, 131.9, 131.6, 131.5, 129.3, 125.1,125.0, 
116.2, 115.9, 113.7, 40.0, 33.9, 33.8, 32.5, 28.8, 25.7, 23.1, 14.2, 10.9 
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Synthesis of 5-fluoro-4,7-bis(5-bromo-4-(2-ethylhexyl)-2-thienyl)-2,1,3-
benzothiadiazole (dibromoDTfBT).  
DTfBT (0.237 g, 0.44 mmol) and N-bromosuccinimide (NBS) (178 mg, 1 mmol) were 
added into THF under stirring.  The reaction mixture was stirred at a room temperature 
for 8 h, and then the reaction mixture was washed with brine and dried over anhydrous 
sodium sulfate. The solvent was removed under a reduced pressure to give the product as 
an orange solid. Needle-like crystal was obtained by recrystallization from iso-propanol. 
Yield: 255 mg (83%).  1H NMR (400MHz, CDCl3): δ 7.93 (s, 1H), 7.73 (s, 1H), 
7.69&7.65 (d, 1H, J=13.2 Hz), 2.59 (d, 4H), 1.70 (m, 2H), 1.18-1.45 (m, 16H), 0.79-0.91 
(m, 12H).  13C NMR (400MHz, CDCl3): δ 160.1, 153.0, 149.4, 142.4, 141.5, 136.9, 
132.0, 131.9, 131.6, 131.5, 129.3, 125.1,125.0, 116.2, 115.9, 113.7, 40.0, 33.9, 33.8, 32.5, 
28.8, 25.7, 23.1, 14.2, 10.9 
 
Synthesis of PBnDT-DTfBT via Microwave-assisted Stille Coupling Polymerization. 
To a 10 mL Microwave pressurized vial equipped with a stir bar, distannylated BnDT 
(154 mg, 0.175 mmol), dibromoDTfBT (123 mg, 0.175 mmol), Pd2(dba)3 (2.5%) and 
P(o-tol)3 (20%) were added.  Then the tube was sealed and evacuated and refilled with 
argon for three cycles and then o-xylene was added inside a glovebox.  Reaction tube was 
put into microwave reactor and heated to 150 °C under 300 watt microwave for 20 min.  
After cooling to room temperature, the organic solution was added dropwise to 200 mL 
of methanol to obtain precipitate, which was collected by filtration and washed with 
methanol and dried.  The crude polymer was then extracted subsequently with methanol, 
acetone, hexane and CHCl3 in a Soxhlet’s extractor. The residue after extracting with 
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CHCl3 was collected and dried under reduced pressure and to give the polymer PBnDT-
DTfBT (148 mg, 77%) as a dark green solid. 1H NMR (500 MHz, CDCl2CDCl2, 
373K):8.16 (s, 1H), 8.03(s,1H), 7.78(d, 1H), 7.76(s, 2H), 3.18(br, 4H), 2.96(br,4H), 
1.85(br, 6H), 1.65-1.21(br, 48H), 0.93(br, 12H), 0.85(br, 12H) 
 
Figure A2-8. 1H NMR of dibromoDTfBT 
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Figure A2-9. 13C NMR of dibromoDTfBT 
 
 
 
 
 
 
 
 
 
 
 
Figure A2-10. 1H NMR of PBnDT-DTfBT 
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GPC Results 
 
Figure A2-11. GPC trace of PBnDT-DTfBT polymer 
 
Since the DTfBT reported in the manuscript is a viscous liquid at room temperature, it is 
difficult to crystalize. Therefore, DTfBT-C6, a derivative of DTfBT, was synthesized 
and used for the crystallography study. The chemical structure and its crystal structure are 
shown below in Figure A2-12.116,117  
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Single crystals of DTfBT-C6 (C26H31FN2S3) were recrystallized from ethanol mounted in 
inert oil and transferred to the cold gas stream of the diffractometer.  
 
 
 
 
 
 
Figure A2-12. The chemical structure and crystal structure of DTfBT-C6. 
 
Crystal structure determination of DTfBT-C6  
Crystal Data. C26H31FN2S3, M =486.72, monoclinic, a = 37.236(2) Å, b = 5.1150(5) Å, 
c = 27.5448(18) Å, β = 113.622(4)°, U = 4806.6(6) Å3, T = 100.15, space group C2/c (no. 
15), Z = 8, µ(MoKα) = 3.015, 8073 reflections measured, 3938 unique (Rint = 0.1096) 
which were used in all calculations. The final wR(F2) was 0.1734. And there is 50% 
chance of F atom and 50% chance of H atom on 5- and 6- position of the 
benzothiadiazole ring.  
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Table A2-4. Crystal data and structure refinement for DTfBT-C6 
Empirical formula  C26H31FN2S3  
Formula weight  486.72  
Temperature / K  100.15  
Crystal system  monoclinic  
Space group  C2/c  
a / Å, b / Å, c / Å  37.236(2), 5.1150(5), 
α/°, β/°, γ/°  90.00, 113.622(4), 90.00  
Volume / Å3  4806.6(6)  
Z  8  
ρcalc / mg mm-3  1.351  
µ / mm-1  3.015  
F(000)  2080  
Crystal size / mm3  0.48 × 0.073 × 0.06  
2Θ range for data collection  5.18 to 131.42°  
Index ranges  -41 ≤ h ≤ 44, -5 ≤ k ≤ 5, -30 ≤ l ≤ 
Reflections collected  8073  
Independent reflections  3938[R(int) = 0.1096]  
Data/restraints/parameters  3938/0/301  
Goodness-of-fit on F2  0.948  
Final R indexes [I>2σ (I)]  R1 = 0.0655, wR2 = 0.1429  
Final R indexes [all data]  R1 = 0.1310, wR2 = 0.1734  
Largest diff. peak/hole / e Å-3  0.387/-0.488  
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Table A2-5. Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
 
Atom x y z U(eq) 
S1 1501.1(4) -1747(4) 4503.1(5) 34.3(4) 
S2 1635.5(4) 1878(3) 2394.0(5) 32.1(4) 
S3 2531.8(3) 8070(3) 3043.9(4) 29.8(4) 
C1 1979.8(15) 2611(13) 4212.6(19) 32.0(15) 
C1A 1979.8(15) 2611(13) 4212.6(19) 32.0(15) 
C2 1728.8(14) 1078(12) 3808.8(19) 30.1(14) 
C3 1734.3(14) 1728(14) 3300.1(19) 31.0(13) 
C4 1982.4(13) 3736(12) 3244.4(19) 27.9(14) 
C5 2238.1(13) 5278(12) 3684.9(19) 26.1(12) 
C6 2220.2(15) 4595(13) 4160(2) 32.5(14) 
C6A 2220.2(15) 4595(13) 4160(2) 32.5(14) 
F7 2025.9(16) 2265(13) 4720(2) 32(2) 
F8 2435.1(18) 5735(16) 4611(2) 41(2) 
C8 1481.4(14) -981(13) 3876(2) 32.1(14) 
C9 1205.6(13) -2478(12) 3504.3(19) 28.5(15) 
C10 1007.3(15) -4254(12) 3708(2) 31.0(13) 
C11 1142.5(15) -4052(13) 4248(2) 33.1(14) 
C12 687.7(15) -6020(13) 3360(2) 35.6(15) 
C13 479.6(15) -7667(13) 3631.4(19) 33.5(15) 
C14 126.3(15) -9076(13) 3228(2) 34.5(14) 
C15 -114.5(16) -10739(14) 3445(2) 38.0(15) 
C16 -476.4(16) -11864(15) 3009(2) 41.8(15) 
C17 -725.1(19) -13579(16) 3201(2) 52.3(19) 
N18 1523.6(12) 531(11) 2842.0(15) 30.6(11) 
N19 1947.4(12) 4012(10) 2744.3(16) 29.3(11) 
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C20 2491.8(14) 7327(12) 3638.9(19) 30.1(14) 
C21 2735.7(14) 8936(12) 4026.1(19) 30.0(14) 
C22 2957.0(14) 10695(12) 3867.8(19) 27.2(12) 
C23 2868.1(14) 10448(12) 3336.2(19) 27.6(13) 
C24 3245.3(15) 12645(12) 4238.1(19) 30.6(14) 
C25 3491.0(14) 14127(12) 4004.6(19) 30.6(13) 
C26 3781.8(14) 15977(12) 4408(2) 30.4(13) 
C27 4060.4(15) 17342(13) 4209(2) 36.1(16) 
C28 4328.0(16) 19293(14) 4602(2) 41.4(16) 
C29 4622.9(15) 18057(16) 5109(2) 45.5(16) 
 
Table A2-6. Anisotropic Displacement Parameters (Å2×103) for DTfBT-C6. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+...+2hka×b×U12]
Atom U11 U22 U33 U23 U13 U12 
S1 37.8(7) 45.4(10) 24.5(6) 0.2(7) 17.5(5) -6.4(7) 
S2 36.2(7) 43.3(10) 20.9(6) -1.6(6) 15.7(5) -4.0(7) 
S3 33.1(6) 39.2(9) 22.1(6) -0.8(6) 16.3(5) -2.0(7) 
C1 35(3) 45(5) 23(2) 6(2) 19(2) 3(3) 
C1A 35(3) 45(5) 23(2) 6(2) 19(2) 3(3) 
C2 30(2) 40(4) 24(3) -1(2) 15(2) 2(2) 
C3 31(2) 45(4) 23(2) 3(3) 17(2) 5(3) 
C4 27(2) 37(4) 23(2) 2(2) 14(2) 6(2) 
C5 26(2) 33(4) 25(2) 1(2) 16(2) 3(2) 
C6 33(3) 46(4) 24(3) -4(3) 17(2) -2(3) 
C6A 33(3) 46(4) 24(3) -4(3) 17(2) -2(3) 
F7 38(3) 43(5) 19(3) -3(3) 15(2) -11(3) 
F8 42(4) 61(6) 26(3) -9(3) 18(3) -22(3) 
C8 31(3) 41(4) 32(3) 4(3) 22(2) 6(3) 
C9 26(2) 40(5) 21(2) 1(2) 10(2) 5(2) 
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C10 32(3) 33(4) 33(3) -1(3) 18(2) 2(2) 
C11 39(3) 39(4) 30(3) 1(3) 22(2) 1(3) 
C12 38(3) 45(5) 33(3) 2(3) 23(2) -1(3) 
C13 37(3) 42(5) 25(3) 8(3) 17(2) 1(3) 
C14 32(3) 46(4) 29(3) 4(3) 17(2) 1(3) 
C15 42(3) 45(5) 30(3) 1(3) 18(2) 2(3) 
C16 49(3) 50(4) 30(3) 0(3) 20(3) -8(3) 
C17 55(4) 63(6) 41(3) -4(3) 22(3) -19(4) 
N18 29(2) 41(3) 23(2) -7(2) 11.9(17) -6(2) 
N19 32(2) 35(3) 26(2) 6(2) 16.9(18) 3(2) 
C20 31(3) 36(4) 28(3) 1(2) 17(2) 3(2) 
C21 30(2) 43(4) 20(2) 4(2) 14(2) 2(2) 
C22 29(2) 32(4) 23(2) 2(2) 14(2) 4(2) 
C23 31(3) 33(4) 25(3) 3(2) 18(2) 5(2) 
C24 36(3) 36(4) 22(2) -1(2) 14(2) 0(2) 
C25 30(3) 40(4) 24(2) 1(3) 13(2) 0(2) 
C26 31(3) 33(4) 29(3) -1(2) 14(2) 1(2) 
C27 38(3) 46(5) 29(3) 1(3) 19(2) -6(3) 
C28 43(3) 51(5) 35(3) -3(3) 21(3) -12(3) 
C29 28(3) 66(5) 46(3) -5(3) 19(2) -9(3) 
 
Table A2-7. Bond Lengths for DTfBT-C6.
Atom Atom Length/Å   Atom Atom Length/Å 
S1 C8 1.744(5)   C9 C10 1.421(8) 
S1 C11 1.707(6)   C10 C11 1.370(7) 
S2 N18 1.607(5)   C10 C12 1.496(8) 
S2 N19 1.604(5)   C12 C13 1.527(7) 
S3 C20 1.746(5)   C13 C14 1.521(8) 
S3 C23 1.699(6)   C14 C15 1.522(8) 
C1 C2 1.376(8)   C15 C16 1.514(8) 
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C1 C6 1.399(8)   C16 C17 1.515(9) 
C1 F7 1.350(7)   C20 C21 1.365(8) 
C2 C3 1.448(7)   C21 C22 1.402(8) 
C2 C8 1.459(8)   C22 C23 1.372(7) 
C3 C4 1.430(8)   C22 C24 1.520(8) 
C3 N18 1.338(7)   C24 C25 1.515(7) 
C4 C5 1.440(8)   C25 C26 1.529(8) 
C4 N19 1.338(6)   C26 C27 1.524(7) 
C5 C6 1.382(7)   C27 C28 1.516(8) 
C5 C20 1.450(8)   C28 C29 1.525(9) 
C8 C9 1.359(8)         
 
Table A2-8. Bond Angles for DTfBT-C6.
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C11 S1 C8 91.9(3)   C11 C10 C9 111.0(5) 
N19 S2 N18 100.2(2)   C11 C10 C12 126.4(5) 
C23 S3 C20 92.0(3)   C10 C11 S1 112.6(4) 
C2 C1 C6 125.9(5)   C10 C12 C13 116.7(4) 
F7 C1 C2 121.7(5)   C14 C13 C12 111.3(4) 
F7 C1 C6 112.4(5)   C13 C14 C15 116.8(4) 
C1 C2 C3 112.5(5)   C16 C15 C14 112.2(4) 
C1 C2 C8 124.6(4)   C15 C16 C17 114.7(5) 
C3 C2 C8 122.9(5)   C3 N18 S2 107.1(4) 
C4 C3 C2 121.9(5)   C4 N19 S2 107.2(4) 
N18 C3 C2 125.3(5)   C5 C20 S3 122.9(4) 
N18 C3 C4 112.8(4)   C21 C20 S3 108.8(4) 
C3 C4 C5 122.7(4)   C21 C20 C5 128.3(4) 
N19 C4 C3 112.7(5)   C20 C21 C22 115.7(4) 
N19 C4 C5 124.6(5)   C21 C22 C24 123.9(4) 
C4 C5 C20 123.8(4)   C23 C22 C21 110.6(5) 
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C6 C5 C4 113.2(5)   C23 C22 C24 125.5(5) 
C6 C5 C20 123.1(5)   C22 C23 S3 112.9(4) 
C5 C6 C1 123.8(5)   C25 C24 C22 115.3(4) 
C2 C8 S1 120.6(4)   C24 C25 C26 111.9(4) 
C9 C8 S1 109.8(4)   C27 C26 C25 114.1(4) 
C9 C8 C2 129.5(5)   C28 C27 C26 113.0(4) 
C8 C9 C10 114.7(4)   C27 C28 C29 114.1(6) 
C9 C10 C12 122.6(5)           
 
Table A2-9. Torsion Angles for DTfBT-C6
A B C D Angle/˚ 
S1 C8 C9 C10 -0.2(6) 
S3 C20 C21 C22 -1.1(6) 
C1 C2 C3 C4 0.8(8) 
C1 C2 C3 N18 179.1(5) 
C1 C2 C8 S1 -2.4(8) 
C1 C2 C8 C9 174.9(6) 
C2 C1 C6 C5 -0.3(10) 
C2 C3 C4 C5 -1.1(8) 
C2 C3 C4 N19 179.3(5) 
C2 C3 N18 S2 -178.6(5) 
C2 C8 C9 C10 -177.8(5) 
C3 C2 C8 S1 177.7(4) 
C3 C2 C8 C9 -4.9(9) 
C3 C4 C5 C6 0.6(7) 
C3 C4 C5 C20 -179.9(5) 
C3 C4 N19 S2 -0.9(6) 
C4 C3 N18 S2 -0.2(6) 
C4 C5 C6 C1 0.1(8) 
C4 C5 C20 S3 -2.8(8) 
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C4 C5 C20 C21 178.1(5) 
C5 C4 N19 S2 179.4(4) 
C5 C20 C21 C22 178.1(5) 
C6 C1 C2 C3 -0.1(8) 
C6 C1 C2 C8 180.0(6) 
C6 C5 C20 S3 176.6(4) 
C6 C5 C20 C21 -2.4(9) 
F7 C1 C2 C3 -178.1(6) 
F7 C1 C2 C8 2.0(9) 
F7 C1 C6 C5 177.8(6) 
C8 S1 C11 C10 -0.3(5) 
C8 C2 C3 C4 -179.3(5) 
C8 C2 C3 N18 -1.0(9) 
C8 C9 C10 C11 0.0(7) 
C8 C9 C10 C12 178.5(5) 
C9 C10 C11 S1 0.3(6) 
C9 C10 C12 C13 -175.3(5) 
C10 C12 C13 C14 172.0(5) 
C11 S1 C8 C2 178.1(5) 
C11 S1 C8 C9 0.3(4) 
C11 C10 C12 C13 3.0(9) 
C12 C10 C11 S1 -178.2(5) 
C12 C13 C14 C15 -178.5(5) 
C13 C14 C15 C16 175.3(6) 
C14 C15 C16 C17 179.0(6) 
N18 S2 N19 C4 0.7(4) 
N18 C3 C4 C5 -179.6(5) 
N18 C3 C4 N19 0.8(7) 
N19 S2 N18 C3 -0.3(4) 
N19 C4 C5 C6 -179.8(5) 
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N19 C4 C5 C20 -0.3(8) 
C20 S3 C23 C22 0.8(4) 
C20 C5 C6 C1 -179.5(5) 
C20 C21 C22 C23 1.7(7) 
C20 C21 C22 C24 -180.0(5) 
C21 C22 C23 S3 -1.5(6) 
C21 C22 C24 C25 172.6(5) 
C22 C24 C25 C26 -178.1(5) 
C23 S3 C20 C5 -179.0(5) 
C23 S3 C20 C21 0.2(4) 
C23 C22 C24 C25 -9.2(8) 
C24 C22 C23 S3 -179.8(4) 
C24 C25 C26 C27 175.0(5) 
C25 C26 C27 C28 176.3(5) 
C26 C27 C28 C29 66.5(7) 
 
 
 
 
 
 
 
 
 
 
 
 
 Cyclic Votammogram of PBnDT
Figure A3-1. Cyclic voltammetry curves for the reduction of the two polymers. LUMOs 
for PBnDT-FTAZ and PBnDT
 
SCLC Mobility Curves 
 
 
 
 
 
 
 
 
Figure A3-2. SCLC hole mobility measurements for each polymer, and 1:2 
polymer:PC61BM blend. 
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-HTAZ are -3.05 eV, and -2.87 eV respectively
0 1 2 3 4 5
 
V
appl - Vbi - Vr (V)
 TAZ only
 FTAZ only
 TAZ Blend
 FTAZ Blend
 
113 
 
XRD Spectroscopy 
 
Figure A3-3: XRD spectra of the polymer-only films (left) and polymer/PC61BM blend 
films (right). 
 
AFM Micrographs 
 
Figure A3-4 AFM images of PBnDT-HTAZ:PC61BM film in a 1:2 ratio blend. (left: 
height image; right: phase image). 
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Figure A3-5. AFM images of PBnDT-FTAZ:PC61BM film in a 1:2 ratio blend. (left: 
height image; right: phase image). The PBnDT-FTAZ blend yielded slightly rougher 
films on a consistent basis. 
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Figure A3-6. Energy dispersive spectroscopy confirms the elemental composition of the 
photovoltaic cell. No metal anode was evaporated on top. 
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Device Film Thickness Measurements (via SEM) 
 
Figure A3-7. 400 nm PBnDT-FTAZ:PC61BM 1:2. In order from top to bottom, active 
layer, PEDOT:PSS, ITO, glass. 
 
 
Figure A3-8. 310 nm PBnDT-FTAZ:PC61BM 1:2. In order from top to bottom, 
Aluminum/Calcium, active layer, PEDOT:PSS, ITO, glass. 
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Figure A3-9. 250 nm PBnDT-FTAZ:PC61BM 1:2. In order from top to bottom, 
Aluminum/Calcium, active layer, PEDOT:PSS, ITO, glass. 
 
 
Figure A3-10. 160 nm PBnDT-FTAZ:PC61BM 1:2. In order from top to bottom, 
Aluminum/Calcium, active layer, PEDOT:PSS, ITO, glass. 
 
 Figure A3-11. Absorption coefficient of PBnDT
three different solvents, CB, DCB, and TCB. UV
taken on actual devices between cathode contacts (i.e. glass/ITO/PEDOT:PSS substrates) 
where the reference spectra is tak
substrate. The absorption coefficient is then estimated using the measured active layer 
thicknesses from Table 1 in the manuscript. While minor changes are observed with 
processing solvent, they are not 
circuit current (Jsc), since the 
layer cast from DCB and TCB compared to those cast from CB.  The increase in 
absorption peak around 580 nm with
due to increased polymer aggregation.  
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-FTAZ:PCBM blends processed from 
-VIS transmission measurements are 
en as the transmission through a glass/ITO/PEDOT:PSS 
enough to explain the observed differences in short
Jsc is roughly two times larger for devices with the active 
 increasing solvent boiling point is presumed to be 
 
-
 Figure A3-12. Multi-peak fitting of out of plane (OOP) 20° sector averages from grazing 
incidence wide angle x-ray scattering (GI
TCB (frozen), and (e) TCB (short) samples. The locations of polymer (100) lamellar and 
(010) π-π stacking peaks are labelled along with the customary fullerene PCBM peak. 
Another peak around q = 0.67 Å
reflection from PCBM and/or the (200) lamellar polymer peak. All fitted values and 
uncertainties are given in Table A3
(frozen) samples were measured with longer dwell times and thus have larger intensity 
values compared to CB, DCB, and TCB (short) samples. 
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-WAXS) data for (a) CB, (b) DCB, (c) TCB, (d) 
-1
 was also identified, which could correspond to a 
-1 below. It should be noted that the TCB and TCB 
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Table A3-1. Peak locations, amplitudes, and full width at half maximum (FWHM) for 
multipeak fits in Figure S2. Uncertainty values for the last digit are given in parenthesis. 
The crystal sizes of π-π stacked crystallites shown in Figure 2b of the manuscript are 
calculated from the FWHM. The crystal sizes in the manuscript have been corrected for 
the instrument broadening which is a function of sample-detector distance, incident angle 
and wavelength, sample size, and peak location. This correction caused an increase in 
crystal size of < 0.4 nm (i.e. < 10%) depending on the sample. It should be noted that the 
TCB and TCB (frozen) films were measured with longer dwell times and thus have larger 
intensity values compared to CB, DCB, and TCB (short) samples. 
 
Processing 
Condition 
(100) 
Location 
(Å-1) 
(100) 
Amplitude 
(a.u.) 
(100) 
FWHM 
(Å-1) 
Fullerene 
Location 
(Å-1) 
Fullerene 
Amplitude 
(a.u.) 
Fullerene 
FWHM 
(Å-1) 
(010) 
Location 
(Å-1) 
(010) 
Amplitude 
(a.u.) 
(010) 
FWHM 
(Å-1) 
CB 0.328 (1) 102 (3) 0.099 (4) 1.360 (1) 429 (3) 0.290 (4) 1.669 (3) 220 (4) 0.252 (8) 
DCB 0.3293(3) 843 (8) 0.0714 (8) 1.347 (8) 338 (9) 0.30 (2) 1.66 (2) 120 (10) 0.25 (4) 
TCB 0.3248(1) 8860 (40) 0.0666 (4) 1.345 (4) 2520 (40) 0.294 (9) 1.65 (1) 670 (50) 0.23 (3) 
TCB (short) 0.332(2) 731 (6) 0.0637 (6) 1.359 (5) 259 (6) 0.32 (1) 1.70 (2) 68 (8) 0.23 (4) 
TCB (frozen) 0.317(1) 1760 (60) 0.122 (4) 1.367 (3) 2560 (30) 0.300 (5) 1.675 (5) 1230 (30) 0.28 (1) 
          
 Figure A3-13. (a) Scattering contrast functions for polymer/fullerene, polymer/vacuum, 
and fullerene/vacuum for PBnDT
absorption edge of both materials (e.g. 270 eV
contrast with vacuum. (b) The thickness correction to the polymer/fullerene scattering 
contrast primarily reduces the contrast for energies above the absorption edge of both 
materials. Using the film thickness, d,
of the index of refraction, <β
scattered waves within the blend film by multiplying the scattering contrast by a factor, 
, where  is 
in this way provides a better match of the energy dependence of the TSI to the contrast 
function. 
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-FTAZ and PCBM. For energies well below the 
), the scattering contrast is dominated by 
 and the compositionally averaged imaginary part 
>, the scattering contrast is corrected for absorption of 
the incident photon wavelength.  Correcting for absorption 
 Figure A3-14. Integrations of total scattering intensity for the scattering distributions of 
Figure 4a in the manuscript as a function of scattering vector, q.  Since all of the 
scattering intensity is not collected in the measured q range, there must be confidence that 
the integrations are close to convergence when calculating the relative domain
from the TSI (Figure 3-7(d),
reasonable convergence has been achieved. A 5% error in TSI would correspond to a 
~2.24% change in relative domain purity due to the square root dependence of p
with TSI. This is a small error considering the relative purity of domains varies by over 
200% from CB to TCB processed blends.
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(e)). Error bars represent 5% of the final TSI showing that 
 
 purity 
urity 
 Figure A3-15. Visible light microscope images of PBnDT
before solvent annealing and after (b) 3 da
conducted in a sealed container saturated with TCB solvent vapor. No large scale phase 
separation is noted prior to annealing and is representative of films used in devices. Large 
PCBM crystals are observed after 
for a fourth day of annealing.
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-FTAZ:PCBM sample (a) 
ys and (c) 4 days annealing. Annealing was 
3 days of annealing where no additional change occurs 
 
 Figure A3-16. (a) Reflective visible light microscope and (b) STXM images of three day 
TCB solvent annealed blend films with equilibrated phase separation (dark spots are 
PCBM crystals). (c) Line scan near large PCBM crystal (red line in (b)) and 
corresponding fit using the reference spectra of pure PBnDT
Miscibility of PCBM in the polymer matrix found to be 3.7 ± 0.2%.  It should be noted 
that for both CB (see Figure 5 of manuscript) and TCB annealed samples, higher 
miscibility values (less than 7%) were 
PCBM crystals. In these areas, PCBM depletion from the polymer matrix is not complete.
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-FTAZ and PCBM. 
measured for film regions not in close proximity to 
 
 Figure A3-17. Two dimensional GI
for (a) pure polymer annealed in TC
annealed in TCB, and (d) blend annealed in CB. (e) Corresponding circular averages of 
the scattering data. The sharp peaks correspond to crystallization of PCBM where the 
broader peaks correspond to PBnDT
(PEDOT:PSS coated Si) is also shown, which indicates that part of the intensity between 
1 and 2 Å-1 is due to substrate scatter.
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-WAXS data of four day solvent annealed samples 
B, (b) pure polymer annealed in CB, (c) blend 
-FTAZ. Scattering data for a reference substrate 
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Synthesis of Monomers and Detailed Polymerization 
Reagents. All solvents are ACS grade unless otherwise noted. Anhydrous THF was 
obtained by distillation from sodium/benzophenone prior to use. Diisopropylamine was 
distilled from potassium hydroxide prior to use. 4,7-dibromo-2-(2-butyloctyl)-2H-
benzo[d][1,2,3]triazole,105,106 2,6-Bis(trimethyltin)-4,8-(3-butylnonyl)benzo[1,2-b:4,5-
b’]dithiophene,113 2-butyloctylbromide,114 and 5,6- difluoro-1H-
benzo[d][1,2,3]triazole107 were prepared according to modified literature procedures. 
All reagents were purchased from VWR, Fisher Scientific, Dynamic Absorbents, 
Silicycle, Accela ChemBio Inc., and were used without further purification. 
 
4,7-bis(5-bromothiophen-2-yl)-2-(2-butyloctyl)-2H-benzo[d][1,2,3]triazole (HTAZ). 
Thiophene (3.01 g, 2.5 eq) was dissolved in dry THF (40 mL) in a flame dried flask 
under argon. The mixture was cooled to 0°C in an ice bath, and 1.6M n-BuLi in hexanes 
(22.8 mL, 2.55 eq) was added dropwise over 3 minutes. The solution was stirred for 35 
min maintaining the temperature at 0°C, and then anhydrous ZnCl2 (5.07 g, 2.6 eq) was 
added as a solution in 40 mL dry THF. The reaction was stirred for 5 min at 0°C, and 
then Pd(PPh3)2Cl2 (602 mg, 6 mol %) was added in one portion. 4,7-dibromo-2-(2-
butyloctyl)-2Hbenzo[ d][1,2,3]triazole (6.39 g, 1.0 eq) was then added via cannula as a 
solution in 20 mL of dry THF. The reaction mixture was then heated to reflux, and stirred 
for 16 h. The reaction mixture was then poured into water and extracted with ethyl 
acetate. The organic layer was then washed with water (3x), dried (MgSO4), filtered, 
concentrated in vacuo, and purified by column chromatography on silica gel using 4:1 
hexanes:CH2Cl2 as the eluent. The resulting fluorescent yellow solid was then dissolved 
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into THF (80 mL), and N-bromosuccinimide (2.89 g, 2.0 eq) was added in one portion. 
The reaction mixture was stirred for 3.5 h, and then poured into saturated NaHCO3 
solution and extracted with ethyl acetate. The organic phase was then washed with water 
(3x), dried (MgSO4), filtered, and concentrated in vacuo. The material was then purified 
by column chromatography on silica gel, using 3:1 hexanes:chloroform as the eluent. The 
resulting yellow solid (HTAZ) was then recrystallized twice from isopropanol to yield a 
yellow powder. Yield (2 steps): 2.79 g (32%). Fluorescent yellow solid; mp 70°C. 1H 
NMR (CDCl3, 400 MHz, δ): 7.76 (d, 3JHH = 3.6 Hz, 2H), 7.46 (s, 2H), 7.10 (d, 3JHH = 
4 Hz, 2H), 4.71 (d, 3JHH = 6.4 Hz, 2H), 2.27 (m, 1H), 1.26 (m, 16H), 0.90 (t, 3JHH = 
7.2 Hz, 3H), 0.86 (t, 3JHH = 6 Hz, 3H). 13C NMR (CDCl3, 100 MHz, δ): 141.55, 141.24, 
130.80, 126.81, 122.90, 122.01, 113.16, 59.88, 39.09, 31.82, 31.38, 31.15, 29.56, 28.45, 
26.17, 22.96, 22.65, 14.09. Anal. Calcd for C26H31Br2N3S2: C, 51.24; H, 5.13; N, 6.89. 
Found: C, 51.52; H, 4.95; N, 6.88. 
 
Polymerization of PBnDT-HTAZ. 2,6-Bis(trimethyltin)-4,8-(3-butylnonyl)benzo[1,2-
b:4,5- b’]dithiophene (132 mg, 1.0 eq), HTAZ (91.4 mg, 1.0 eq), Pd2(dba)3 (2.8 mg, 0.02 
eq), and tri(o-tolyl)phosphine (7.2 mg, 0.16 eq) were combined in a dry microwave vial. 
The vial was sealed with a septum cap, and then evacuated and refilled with argon three 
times. Dry, oxygen free o-xylene (0.75 mL) was added. The mixture was then reacted in 
a microwave reactor for 20 min, at 200°C (at 300W), and then cooled to room 
temperature. The reaction mixture was diluted with chlorobenzene (3 mL), and then the 
polymer solution was precipitated into methanol (100 mL) at room temperature. The 
resulting purple-black solid was filtered into a Soxhlet thimble, and extracted with 
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methanol, ethyl acetate, hexanes, and chloroform until the wash from each extraction was 
colorless. When there was no solid remaining in the thimble, the chloroform fraction was 
concentrated, and chlorobenzene was added (5 mL). The polymer solution was then 
precipitated into methanol at room temperature, filtered, and dried under vacuum at 0.5 
mmHg. Yield: 143 mg (95%). Purple metallic solid. 1H NMR @ 400K (C2D2Cl4, 400 
MHz, δ): 7.86, 7.23, 4.87, 3.14, 2.41, 1.87, 1.50, 1.08. GPC (1,2,4-trichlorobenzene at 
135°C): Mn = 47.6 kg/mol, Mw = 133.4 kg/mol, PDI = 2.57.  
 
2-(2-butyloctyl)-5,6-difluoro-2H-benzo[d][1,2,3]triazole (2). 5,6-difluoro-1H-
benzo[d][1,2,3]triazole (8.04 g, 1.0 eq), potassium tert-butoxide (5.87 g, 1.01 eq), and 2-
butyloctylbromide (13.04 g, 1.01 eq) were dissolved in 130 mL of methanol. The reaction 
was heated to reflux for 17 h. The reaction mixture was then poured into saturated NH4Cl 
solution, and extracted with ethyl acetate. The organic layer was washed with water (2x), 
dried (Na2SO4), filtered, concentrated in vacuo, and purified by column chromatography 
on silica gel using 10:1 hexanes:ethyl acetate as the eluent. Yield: 2.88 g (17%). 
Colorless oil. 1H NMR (CDCl3, 400 MHz, δ): 7.59 (t, 3JHF = 8.4 Hz, 2H), 4.58 (d, 
3JHH = 6.8 Hz, 2H), 2.22 (m, 1H), 1.28 (m, 16H), 0.86 (t, 3JHH = 5.6 Hz, 6H). 
 
4,7-dibromo-2-(2-butyloctyl)-5,6-difluoro-2H-benzo[d][1,2,3]triazole (3). 1.6M n-
BuLi in hexanes (12.5 mL, 2.25 eq) was added dropwise over 3 min to a solution of 
diisopropylamine (3.10 mL, 2.5 eq) and dry THF (90 mL) under argon at -78°C. The 
solution was stirred for 15 min, and then a solution of Compound 2 (2.88 g, 1.0 eq) and 
trimethylsilyl chloride (3.1 mL, 2.75 eq) in dry THF (35 mL) was added dropwise over 
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10 minutes at -78°C. -78°C was maintained while the reaction was stirred for 3 h, and 
then the reaction was quenched with 10 mL of saturated NH4Cl. The reaction was 
warmed to room temperature and poured into saturated NH4Cl. The mixture was 
extracted with ethyl acetate, washed with water (3x), dried (MgSO4), and concentrated in 
vacuo. The residue was then dissolved into CHCl3 (30 mL), and bromine (3.6 mL, 8.0 eq) 
was added in one portion, and the reaction was stirred for 16 h at room temperature, 
shielded from light. The reaction was then poured into a mixture of 10% NaOH and ice, 
and extracted with methylene chloride. The organic layer was washed with brine, dried 
(MgSO4), and purified by column chromatography on silica gel using 4:1 
hexanes:methylene chloride as the eluent. Yield (2 steps): 2.28 g (53%). Colorless oil. 1H 
NMR (CDCl3, 300 MHz, δ): 4.65 (d, 3JHH = 7.2 Hz, 2H), 2.31 (m, 1H), 1.24 (m, 16H), 
0.87 (m, 6H). 13C NMR (CDCl3, 100 MHz, δ): 149.07 (dd, 1JCF = 253 Hz, 2JCF = 20 
58 Hz), 138.86 (t, 3,4JCF = 2.5 Hz), 96.10 (dd, 2JCF = 15 Hz, 3JCF = 9 Hz), 61.11, 
38.98, 31.64, 31.08, 30.79, 29.40, 28.18, 25.93, 22.81, 22.57, 14.05, 13.92. 
 
2-(2-butyloctyl)-5,6-difluoro-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole (4). 
Thiophene (0.87 g, 2.25 eq) was dissolved into dry THF (20 mL), and cooled to 0°C 
under argon. 1.6M n-BuLi in hexanes (6.6 mL, 2.3 eq) was added dropwise over 3 min. 
The reaction was allowed to stir at 0°C for 35 min, and then a solution of anhydrous 
ZnCl2 (1.47 g, 2.35 eq) in dry THF (20mL) was added via syringe at 0°C. After 5 min, 
Pd(PPh3)2Cl2 (193 mg, 6 mol %) was added in one portion at 0°C. Then compound 3 
(2.21 g, 1.0 eq) was added via syringe as a solution in dry THF (15 mL). The reaction 
mixture was then heated to reflux, and stirred for 16 h. The reaction was then poured into 
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water, and extracted with ethyl acetate. The organic layer was washed with water (3x), 
dried (MgSO4), filtered, concentrated in vacuo, and purified by column chromatography 
on silica gel using 4:1 hexanes:methylene chloride as the eluent. Yield: 1.99 g (89%). 
Fluorescent yellow solid. 1H NMR (CDCl3, 300 MHz, δ): 8.33 (dd, 3JHH = 3.9 Hz, 
4JHH = 0.9 Hz, 2H), 7.55 (dd, 3JHH = 5.1 Hz, 4JHH = 1.2 Hz, 2H), 7.24 (m, 2H), 4.73 
(d, 3JHH = 6.6 Hz, 2H), 2.86 (m, 1H), 1.26 (m, 16H), 0.89 (m, 6H). 
 
 4,7-bis(5-bromothiophen-2-yl)-2-(2-butyloctyl)-5,6-difluoro-2 
benzo[d][1,2,3]triazole (FTAZ). Combine 4 (1.99 g, 1.0 eq), N-bromosuccinimide (1.46 
g, 2.0 eq), and THF (75 mL). Stir for 20 hours at room temperature, and then pour the 
reaction mixture into a saturated solution of sodium bicarbonate. Extract with methylene 
chloride, dried (MgSO4), filtered, and then silca gel was added. The slurry was 
concentrated in vacuo, and the resulting solid purified by column chromatography on 
silica gel using 10:1 hexanes:methylene chloride as the eluent. After repeating the 
chromatography step a second time, a fluorescent yellow solid was obtained in purity 
sufficient for polymerization. Yield: 1.87 g (71%). Fluorescent yellow solid; mp 76°C. 
1H NMR (CDCl3, 400 MHz, δ): 7.97 (d, 3JHH = 4 Hz, 2H), 7.13 (d, 3JHH =4 Hz, 2H), 
4.68 (d, 3JHH = 6.4 Hz, 2H), 2.23 (m, 1H), 1.40 (m, 4H), 1.27 (m, 12H), 0.91 (t, 3JHH = 
7.2 Hz, 3H), 0.86 (t, 3JHH = 6.8 Hz, 3H). 13C NMR (CDCl3, 100 MHz, δ): 146.89 (dd, 
1JCF = 252 Hz, 2JCF = 19 Hz), 137.01 (t, 3,4JCF = 4.2 Hz), 133.76, 130.26 (m), 130.19, 
115.92 (m), 109.29 (dd, 3JCF = 9.5 Hz, 4JCF = 4.4 Hz), 59.84, 39.10, 31.84, 31.41, 
31.17, 29.57, 28.47, 26.20, 22.97, 22.66, 14.09. Anal. Calcd for C26H29Br2F2N3S2: C, 
48.38; H, 4.53; N, 6.51. Found: C, 48.20; H, 4.55; N, 6.62. 59 
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Polymerization of PBnDT-FTAZ. 2,6-Bis(trimethyltin)-4,8-(3-butylnonyl)benzo[1,2-
b:4,5- b’]dithiophene (132 mg, 1.0 eq), FTAZ (97 mg, 1.0 eq), Pd2(dba)3 (2.8 mg, 0.02 
eq), and tri(o-tolyl)phosphine (7.2 mg, 0.16 eq) were combined in a dry microwave vial. 
The vial was then sealed with a septum cap, and then evacuated and refilled with argon 
three times. Dry, oxygen free o-xylene (0.75 mL) was added. The mixture was then 
reacted in a microwave reactor for 20 min, at 200°C (at 300W), and then cooled to room 
temperature. The reaction mixture was then diluted with chlorobenzene (3 mL), and then 
the polymer solution was precipitated into methanol (100 mL) at room temperature. The 
resulting purple-black solid was filtered into a Soxhlet thimble, and extracted with 
methanol, ethyl acetate, hexanes, and chloroform until the wash from each extraction was 
colorless. When there was no solid remaining in the Soxhlet thimble, the chloroform 
fraction was then concentrated, and chlorobenzene was added (5 mL). The polymer 
solution was then precipitated into methanol at room temperature, filtered, and dried 
under vacuum at 0.5 mmHg. Yield: 153 mg (98%). Purple metallic solid. 1H NMR @ 
400K (C2D2Cl4, 400 MHz, δ): 8.20, 7.26, 4.84, 3.07, 2.46, 1.51, 1.14, 1.05. GPC (1,2,4-
trichlorobenzene at 135°C): Mn = 42.2 kg/mol, Mw = 99.9 kg/mol, PDI = 2.36. 
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Appendix 4 
       
       (A)          (B)          (C) 
Figure A4-1.  Top-down FESEM images of NiO nanoparticle thin films deposited using 
a paste consisting of a polymer and amorphous nickel hydroxide prepared from nickel 
chloride.  Image (A) corresponds NiO nanorings prepared from an earlier batch while 
image (B) corresponds to films prepared more recently.  Image (C) is a cross-section of 
later batches. 
 
 
Figure A4-2.  Photographs of NiO nanoparticle electrodes prepared using various 
formulations prepared in this work.  A and B were deposited using a paste consisting of a 
polymer and amorphous nickel hydroxide prepared from nickel acetate. C and D were 
deposited using a paste consisting of a polymer and amorphous nickel hydroxide 
prepared from nickel acetate.  The film on the far right was prepared using a 
polymer/commercial NiO nanopowder paste. 
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Figure A4-3.  SEM micrograph of nanoNiO film infiltrated with P3HT. A thick top layer 
and poor infiltration of P3HT caused the delamination/cracking of the nanoNiO film. 
Nanoparticle formulation was improved after this result to improve film porosity and 
increase polymer infiltration. 
 
 
 
 
 
 
 
 
 
 Figure A4-4.  SEM micrograph of nanoNiO
area (violet box) was scanned with EDS and the corresponding EDS plots are pictured on 
the right. The area exhibited strong signals of nickel and sulfur indicated good infiltration 
despite poor indication of infilt
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 film infiltrated with P3HT. The selected 
ration in the SEM image. 
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Figure A4-5.  SEM micrographs of nanoNiO films prepared with slightly different 
fabrication methods. All films were doctor bladed and exhibit very flat surface topology 
with varying degrees of nanoparticle aggregation and porosity. 
 
 
Figure A4-6. Photograph of three films of nanoNiO on glass substrates. The doctor 
bladed nanoNiO films were patterned on three sides with kapton tape following 
procedures mentioned in the experimental section. 
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Figure A4-7. SEM micrographs of P3HT infiltrated nanoNiO films. (a) Profile view of 
nanoNiO film with visible top layer coverage deposited with second layer spincoating 
using room temperature solution of P3HT:PCBM. (b) Image of the top of a nanoNiO film 
which has been infiltrated with P3HT. Poor top layer coverage yields a very rough 
surface and a noticeable void defect is visible. 
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